4

-

. (NASA-CR-13€951) PROCEEDINGS 0 NUCLEAR N74-72539 )\
v FROPULSION CCNFERENCE (Naval Fostgraduate THRU
School) 301 p N74-72572
) Unclas

00/99 31131

WEyi 9 BOOK 1

_— -
(RcCESSION NUMBERG.” (TRRU)

0;:-“-‘ —_— —r

3 . E ‘3;9:.5!, Azéns)
| Proceedings of ‘i TWASA CF OF THX OR AD NUMBER) ?Z;‘:‘Zom
NUCLEAR PROPULSION CONFERENCE fiu]

)

cd

N
August 15-17, 1962

NAVAL POSTGRADUATE SCHOOL

¥ A
EE7 T SR
~od

(]
it
‘ I g o MONTEREY, CALIFORNIA
¢
: \
3 = Al
g N
e a éf:?h'y,
[75) = 3l . ,L : " .
E’_:: : *gd :'/ ) = .
a %) R T I
H o o ‘ v
=g e
g B
o LA T .
g H o AL‘L* v ’ : Bclosure of its
| ,8 g S A P an unauthorized
-+ (o] L,;;' Y ‘ o V[
v g Fap > T ‘}1 1
i 3
g f?:l‘ ] c U Data relating to civilian ap}B

tions of atomic energy.

United States Atomic Energy Commission

T ey

Division of Technical Information

m AEC RESEARCH AND DEVELOPMENT REPORT

>




CASE

r

F‘i =N
FiLk

LEGAL NOTICE

This report was prepared as an account of Government sponsored work, Neither the United
States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu-
racy, completeness, or usefulness of the information contained in this report, or that the use
of any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the
use of any information, apparatus, method, or process disclosed in this report.

( As used in the above, ‘‘person acting on behalf of the Commission’’ includes any em-
ployez or contractor of the Commission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee of such contractor prepares,
disseminates, or provides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.

Printed in USA. This document consists of 2 books, total
charges $12.35. Available from the Division of Technical
Extension, P. O. Box 62, Oak Ridge, Tennessee. Please
direct to the same address inquiries covering the procure-
ment of classified AEC reports.

OPY

USAEC Division of Technicol Informotion Extension, Osk Ridge, T



— TID-7653(Pt.11)

Book 1

Proceedings of

NUCLEAR PROPULSION U
Conference [ ]

NAVAL POSTGRADUATE SCHOOL
August 15-17, 1962
MONTEREY, CALIFORNIA

cod-4877

X Sponsored by
£—SPACE NUCLEAR PROPULSION OFFICE, AEC/NASA
AMERICAN ROCKET SOCIETY )
AMERICAN NUCLEAR SOCIETY
INSTITUTE OF AEROSPACE SCIENCES

GROUP 1

AN 1uded from automatic downgradj
gclassification

8 restricted data as
ergy Act of 1954,

td Data relating to civilia
tions of atomic energy.




FOREWORD *

The papers presented in this volume are the outgrowth of the first national
conference on the subject of nuclear propulsion for rockets, ramjets, and space

vehicles. The Nuclear Propulsion Conference itself was held at Monterey,

California, at the U. S. Naval Postgraduate School, and was jointly sponsored by
the American Rocket Society, the Institute of Aerospace Sciences, and the
American Nuclear Society; the three largest and most vigorous technical societies

concerned with nuclear propulsion.

This volume follows the typical organization of the Conference, though the
order of subjects is different here than at Monterey. Included here are many of .
the good papers submitted, but which were not presented at the Conference because
of time limitations. Those presented are grouped first in each section. There

is no Index to the volume.

At the beginning of planning, late in 1960, the organizing committee felt
that a serious lack of exchange of information was already confusing work in
nuclear propulsion and would soon significantly hamper such work. Yet, because
of‘%he nature of the work i§§elf, it was obvious that any technical forum supplied
by the societies would failﬂin its goal of exchange of useful information unless
the meeting aimed for discussion of work in classified areas. Thus, of necessity N
and by design, the meeting was organized on an entirely classified basis. It
could not have been held at all without the support of the Space Nuclear Propulsion

Office of the USAEC/NASA, headed by Mr. Harry B. Finger. His office undertook

iv




the security clearance responsibility for the meeting, and enthusiastically

.8 ;
supported the meeting in every other way possible. This Proceedings has been
published under the auspices of the SNPO, and was compiled by Mr. William Hanna

of that office.

We hope that the Conference served its major purpose; to acquaint the
legitimately interested technical community with the real state-of-the-art in
existing nuclear propulsion programs. It was noted that most of the papers came
from the USAEC National Laboratories, while most of the attendees came from the
nuclear and aerospace industries of the country. This is rightly so and emphasizes
the premise which initially suggested the meeting: That nuclear propulsion is
passing through a vigorous transition state from National Laboratory scale to
industrial sized development. Surely, unless such a transition continues, and it
is well along in the NERVA and RIFT programs, nuclear propulsion will not be able

to f£ill 1ts proper role in the era of space flight before us.

Altogether, about 215 papers were submitted. The majority of these were
classified and required security documentation as well as the careful record-keeping
employed to keep track of all papers. Pertinent papers were sent to each Session
Chairman, who alone had the responsibility for assembling his session. We owe a
debt of gratitude to these gentlemen. The major accounting and distribution job

of paper handling was done by Mildred Foglesong of the Los Alamos Scientific



Laboratory. Without her constant attention, careful work, and accurate records .
the Conference organization could not have functioned. Millie, we thank you.

And last, but of utmost importance were the pre-Conference activities of

Prof. Frank E. Faulkner of the U. S. Naval Postgraduate School, and the continual
efforts of the ARS Meetings Management Staff, particularly Mr. Rod Hohl, in setting

up housing, registration, and other necessary arrangements.

121‘1¢Jf, W, QiZ“(S1-y=Z

Robert W. Bussard
Program Chairman
Nuclear Propulsion Conference

For the Organizing Committee:

Robert F. Trapp (ANS)
Douglas Aircraft Company

Clare Stanford  (IAS)
Nuclear Division, Martin-Marietta Co.

Frank E. Rom (ARS)
Lewis Research Center, NASA
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THE NUCLEAR ROCKET PROGRAM - 1962 —
Harold B. Finger* [ ]

This country has committed itself to the most difficult and dramatic
technological undertaking ever attempted by man. I refer to the commitment
that has been made by the President, by the Congress in supporting the
President's recommendations, and by the people of the United States that we
intend to explore space and apply our scientific findings and the technologi-
cal developments for the benefit of all mankind. There is no question that
the benefits that will result from this program will make all of mankind the
winner.

As a result of the commitments mede, scientific information, techno-
logical developments, and consumer application of certain space systems have
been proceeding at an amazingly fast pace. Launch sites, Government labora-
tories, fabrication/assembly plants and tracking stations are being built;
large launch vehicles are under development; manned spacecraft with all of
the essential life support and guidance equipment are being developed, tens
of thousands of people and thousands of industrial, Governmental, university,
and non-profit institutions are involved in the over-all program. The program
to land men on the moon will cost in the neighborhood of 20 billion dollars
with another 15 billion over the next several years.

Obviously, such a major national commitment will go into a continuing
program beyond the presently committed effort aimed at early space objectives.
The achievement of even those early objectives is paced by the need to develop
new system hardware which in many areas goes beyond available technology. In
looking ahead at the missions and objectives we see beyond our early objectives,
we are determined that we must be prepared with the technology needed to per-
form any desired mission in space. We never again intend to be caught in the
position where there are missions we want to do, but for which the technology is
unavailable. It is our anticipation of even more difficult space missions than
those that have already been defined and programmed that mekes the nuclear pro-
pulsion part of our program an essential portion of our over-all space effort.
This importance was confirmed by the President over a year ago when he included
the Rover Program as one of four areas requiring increased emphasis in our
space effort. I am personally convinced that the major national effort now
being devoted to space achievements will go on to the establishment of manned
space laboratories, exploration bases on the moon and manned missions to the
near planets. The use of nuclear energy will be required in the vehicles
designed for accomplishment of these advanced missions. Our program antici-
pates such use, but it also recognizes that nuclear rocket systems developed
for advanced missions could be used with the large chemical rockets now being
developed to substantially improve the payload and energy increment capebilities
of these rockets.

This discussion is limited to the nuclear rocket program; however, it is
important to recognize that other nuclear systems required for advanced space
missions must be pursued actively to establish the technology in these other
areas, to evaluate the feasibility of these other systems, and to objectively
assess them on a technical basis in comparison with the nuclear rocket system.

*Director, Nuclear Systems, Natlonal Aeroﬁautics and Space
Administration and Mensger, Space Nuclear Propulsion Office
(AEC-NASA), U. S. Atomic Energy Commission (Washington, D. C.)
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There 1s no need for salesmanship in system selection for particular missions.
Rather, there is a need for objective evaluation of technology and mission
requirements to select systems which can perform, with greatest assurance,
particular missions in a given time.

Nuclear Rocket Characteristics and Performance Potential

In the muclear rocket system, liquid hydrogen is heated to high tempera-
ture in a nuclear reactor after having been pumped into the reactor from &
large liquid hydrogen propellant tank. The specific impulses these systems can
achieve, using solid core reactors, are in the range of 800 to 1000 seconds, two
to three times the specific impulses of chemical combustion rocket systems. The
development of the nuclear rocket involves major problems in reactor core
development. These will be discussed below. In addition, other significant
problems are development of liquid hydrogen cooled nuclear rocket nozzles and
control system analysis and development. Hydrogen turbopump systems of large
capacity will eventually be required for the nuclear rocket and, while not con-
trolled by feasibility or lack of basic data, are a major development area.

The nuclear rocket system performance potential is indicated in the next
two figures. Figure 1, familiar to many, indicates the vehicle requirements to
perform a menned, Mars landing mission. Calculations indicate & nuclear rocket
propelled spacecraft, weighing approximately a million pounds, assembled in an
earth orbit, can accomplish this mission with a 400-day total trip time. The
nuclear spacecraft would remain in Mars orbit until needed for return to earth
orbit while manned landing on Mars and return to the orbiting spacecraft would
use chemically propelled systems. A spacecraft weighing 10 million pounds
would be required to accomplish this mission using chemically propelled systems.
The performance advantages for such missions, we feel, justify our major effort
in the nuclear rocket program. Accomplishment of the first such mission using
nuclear rockets would pay for the development effort and the vehicle costs re-
quired to perform the mission. However, nuclear rockets developed for such
advanced missions could be used with large chemical rockets, now being developed,
to substantially improve the payload capability in near earth missions. This is
indicated in Figure 2 which shows performance of a nuclear propelled third stage
on the advanced Saturn C-5 vehicle. The Saturn C-5 vehicle, 33 feet in diameter,
uses five F-1 kerosene-oxygen engines to produce a 7,500,000 1b. total first
stage thrust. The hydrogen-oxygen second stage uses five J-2 200,000 1b. thrust
engines. The payload presented cen be placed into & lunar orbit, using these
first two advanced Saturn steges and the nuclear third stage. The payload
plotted as a function of the nuclear stage thrust ranges from something over
100,000 1b. to 130,000 1b. established in a lunar orbit. An all-chemical
advanced Saturn, using four stages, could deliver approximately 55,000 1b. to
65,000 1b. into this same lunar orbit. Incorporation of the nuclear third
stage substantially increases the peyload capability of the advanced Saturn
vehicle.

The lunar orbit payload is shown because lunar orbit rendezvous has been
selected as the technique to accomplish the manned, lunar landing. A single
advanced Saturn would be used during the initial landing mission to place the
Earth return vehicle and lunar landing bug in an orbit around the Moon. The
bug would land on the Moon and the men would then return to the orbiting return
vehicle, rendezvous with that vehicle, and return to Earth. Approximately
doubling the lunar orbit payload through the use of nuclear systems indicates
the potential of & direct flight mission using a vehicle such as the one shown
here. We anticipate that after the initial Moon landings, nuclear stages will
be used to perform lunar operation missions. The lunar orbit payload is also
of interest because of the potential advantages of a nuclear system as a
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reusable ferry between earth and lunar orbit. The nuclear vehicle, Initially
established in an earth orbit would transport passengers, equipment and supplies
to a lunar orbit. Transfer from lunar orbit to Moon's surface would be accom-
Plished by another vehicle. Return payloads would be taken back to earth orbit
by the nuclear vehicle. The system would then be refueled in the earth orbit
and reused.

This is obviously an advanced mission in that frequent nuclear stage reuse
and restart are required. Even the first lunar orbit mission indicated requires
nuclear stage reuse. At least two re-firings are required in the postulated
mission trajectory. The system is first restarted in the earth parking orbit
to achieve the lunar intercept trajectory and the second re-firing is needed to
establish the system in a lunar orbit. Almost every mission we postulate re-
quires restart of the muclear stage. Restart is, therefore, an important reactor
development program requirement.

The first nuclear engine, NERVA, will operate at a thrust at the low end
of the curve of Figure 2 corresponding to about 100,000 1b. lunar orbit payload.
It is conceivable that we will go to somewhat higher powers, as development pro-
ceeds, if the increased payload Justifies such power increases. We anticipate
that there will be major useful NERVA engine applications in missions related to
lunar operations.

These two figures have indicated performance potential we foresee in nuclear
systems. I have not indicated a need for extremely high power stages, although
such a need, we are convinced, does exist. High power 10,000 to 20,000 megawatt
stages producing 500,000 1b. to 1,000,000 1b. thrust would be required for second
stage applications with the NOVA type large chemical booster vehicles.

AEC - NASA Muclear Rocket Program

As you know, the development of nuclear rocket propulsion is being con-
ducted Jointly by NASA and AEC through the Space Nuclear Propulsion Office (SNPO).
The SNPO, organized in August, 1960, is responsible for managing all aspects of
the propulsion effort. This effort constitutes a large program, larger than any-
one would have hoped for, or expected only two years ago. But this is a logical
program with restrictions to assure satisfactory components before proceeding
with complicated systems. In addition, this is not a program to develop a single
article, but rather to develop a whole technology that will permit real explo-
ration and exploitation of space.

The major elements of the AEC-NASA nuclear rocket program are as follows.
The KIWI reactor testing will define a basic reactor configuration which will be
applied in the NERVA engine and engineered for flight applications in the NERVA
engine development. The NERVA engine, in turn, will be flight tested in the
RIFT stage which is intended to evaluate the flight operating problems of nuclear
rockets. The RIFT stage will be designed to consider eventual application in
useful space missions. In addition, we have our advanced technology program and
the major facilities required to perform all aspects of this effort. These are
the essential ingredients of the joint nuclear rocket program.

I would like to review each of these major areas to show how the program
fits together, the status of each major program element and our plans for over-
all system and technology development.



Reactor Development

There is no question that the major problem area is in the reactor. The
KIWI reactor project, conducted by the Los Alamos Scientific Laboratory, includes
design, fabrication, and test of reactors to define a basic rocket reactor core
configuration. The major reactor development problems, we anticipate, are high
temperature fuel element materials, uniform radial core tempereture, core structure
support, fast startup with combined power and flow control, and last but not
least, restart capability with the companion problem of controlled shutdown to
maintain core integrity. Since these items are self explanatory, I will proceed
to describe the reactor program being conducted to solve these problems.

The KIWI project began in 1955. The first three reactors tested in this
program were the KIWI-A reactors in Figure 3. The tests, started in 1959, were
conducted after extensive laboratory design analysis, materials investigations,
neutronic investigations, as well as fabrication development work. The three
KIWI-A reactor tests confirmed the design of these reactors, provided materials
information end some controls information. These were strictly research devices
not applicable to a flight system and for this reason the active core volume was
minimized. A central heavy-water island was incorporated in the system, and
water was used to cool critical non-nuclear components of the system, such as
the converging nozzle.

The KIWI-A reactor characteristics are compared in the table below with
the KIWI-B reactor characteristics.

KIWI REACTOR CHARACTERISTICS

KIWL - A KIWI - B
Power 100 MW 1,000 MW
Pressure Vessel O. D. T3 IN. .51 IN.
Power Density 4.25 MW/FTO 4.5 MW/FTS
Reflector Graphite Beryllium
Coolant-Propellant H, Gas Holiquid
Hydrogen Flow Rate 7 LE/SEC. 70 LB/SEC.
Exit Gas Temperature 3460° F 3600°F
Control System Center-Island Rotating
Axial Rod Reflector
Segment

The KIWI-B design is intended to evolve into the flight type system
required for the NERVA engine. The KIWI-B will have a tenfold increase in
power level over the KIWI-A, while reducing the outer core diameter. The core
power density is increased approximately eight fold and the pressure vessel O.D.
is reduced to 51 inches. Much of this size reduction results from replacing the
thick graphite reflector with beryllium. Hydrogen flow is increased and hope-
fully core exit temperature as well. In addition, the central-island exial-rod
control system was changed to the reflector control. .

The KIWI-BlA, first of the KIWI-B series, was tested in December 1961 and
a photograph is shown in Figure 4, The reactor has a cleaner configuration than
the KIWI-A. Since liquid hydrogen wes not yet available in the test cell, the
reactor power level was limited to approximately 300 megawatts due to the lower
heat removal capability of the gaseous hydrogen cooled nozzle. The December
test was terminated after 30 seconds of the planned five minutes run because of
a hydrogen lesk in the pressure vessel-nozzle flange seal. The data obtained
were encouraging, having indicated satisfactory fuel element operation and
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suitability of the reflector control system. The first liquid hydrogen tests
with the KIWI-B reactor were completed in July with & uranium-238 loaded reactor,
referred to as the cold flow reactor. In these devices, the system startup
relies upon the nozzle-reflector-core heat capacity to vaporize the liquid
hydrogen propellant prior to entering the core. Therefore the first ten seconds
of reactor startup can be investigated using a non-critical reactor system. The
purpose of the July tests were therefore to evaluate this initial startup period,
to determine the control system requiring hot operation startup and to check out
the facility. Both test operations provided the data required for the first hot
reactor operation with liquid hydrogen.

The KIWI-B1B was used for the first hot reactor run with liquid hydrogen.
During the September 1, 1962, test, reactor power exceeded 900 megawatts and exit
gas temperature was increased at a rate of 70°R/ sec. At approximately 700 mega-
watts, the core suffered damage and fuel element modules were ejected from the
nozzle at intervals. The reactor power continued to increase until fuel loss
forced the level down as the control drum limits had been reached.

Early in the start cycle, hydrogen pressure fluctuations were observed at
the pump outlet, however these fluctuations had ceased about ten seconds before
damage was noted. We believe these pressure variations resulted from an unchilled
bypass line at the pump outlet; however, pressure data indicated that the fluc-
tuations were well attemuated at the core inlet.

The results of the test indicate reactor startup with liquid hydrogen is
feasible and reactor power is stabiligzed by core hydrogen flow. The core dam-
age in the test confirmed our prior judgment not to select the KIWI-Bl design
as & candidate for NERVA application.

As indicated asbove, one of the major reactor problems is development of a
suitable core structural support. The fuel element work has been most promising,
but the method of retaining these elements within the core has not been selected
or proven by test. Several different reactor designs have therefore been de-
fined, aimed primarily at determining a satisfactory core support for the KIWI
reactor and one which may then be developed for core support in the NERVA flight
system.

Graphite is an extremely good high temperature material. It is not as
strong at low temperature as at high temperature and, in addition, it is stronger
in compression than in tension. The basic difference among our varying designs,
therefore, results from the fact that although the first design has the fuel
modules and structure intension, it is our intent in later designs to put the
structure, as much as possible, under compressive load.

The KIWI-B reactors that have been run to date utilized the KIWI-Bl core
design shown in Figure 5. This figure shows the reflector section with rotating
control drums, the outer pressure shell, the core, and the core support plate.
Core configuration detail is shown in the lower right sketch. It is an unfueled
graphite module containing fueled cylindricel fuel elements, each of which has
seven holes. A similar fuel module configuration was used in two of the KIWI-A
tests; however, the fuel elements in those tests were four hole fuel elements.
The modules are nested to form the reactor core and each is supported from the
top support plate by a hollow threaded bolt through which hydrogen may pass into
the central fuel element. The pressure drop resulting from the flow of hydrogen
through the fuel elements imposes a tensile stress in the module and in the
KIWI-A tests. Certain of these modules cracked and in one test three were dis-
charged through the nozzle. Although we have attempted to alleviate the problem
by keying the modules together at the core discharge end, the basic reason for
module failure has not been uncovered in laboratory tests. Primarily for this
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reason, we are not depending on the KIWI-Bl design. However, retest of the
KIWI-Bl was plenned because the hardware was availeble and we believe that ligquid
hydrogen startup information obtained from this design is applicable %to startup
of the other designs.

The next three reactors to be discussed, KIWI-B2, KIWI-Bi and KIWI-B6, are
designed to place most of the core graphite components under compressive load.
The KIWI-B2 reactor shown in Figure 6 uses a modular core structure similar to
the KIWI-BL. However, rather than depending upon the cold end support shown for
the KIWI-Bl, a solid graphite block is used at the discharge of the reactor to
support the unfueled modules. The fuel elements themselves pass through holes
bored in the graphite support block. Design problems include maintaining the
geometric stability of the graphite block and limiting thermal stresses at the
block edges to acceptable values. This is, however, one of the designs that we
plan to test early next year.

At the present time, the KIWI-BL design, shown in Figure 7, is the prime
candidate for adaptation to NERVA requirements. It involves a compressive graphite
system and a different fuel element configuration. The KIWI-B4 has a homogeneous,
fully loaded core rather than the heterogeneous system of the Bl and the B2. Six
hexagonal fuel elements are clustered about an unloaded graphite rod as shown at
the top right of the figure. These are held together by a cluster retaining
plate and suspended from the top support plate of the reactor by a bolt which
passes through the fuel element cluster to graphite support blocks at the bottom
of the core. The pressure loed from the flow through the reactor puts a tensile
load on this steel support rod, but the fuel element cluster is in compression,
bearing against bottom support blocks. Hydrogen cools the central support rod
and a pyrolytic graphite tube, surrounding the rod, insulates it from the fuel
elements. The greater fueled graphite volume in this core design gives us, we
believe, higher power potential than thet required for NERVA. Part of this po-
tential mey be used to attain higher NERVA system temperatures than indicated
earlier, since impulse has a greater effect than power level on performance in
most of our missions. The final reactor design, now being prepared, is the
KIWI-B6 reactor and is shown in Figure 8. Comparatively new to the program, the
design is made feasible by the development of pyrolytic graphite components which
provide good insulating properties. A hydrogen cooled febricated support plate
will be used in this design to support the reactor core. Hydrogen from the nozzle
coolant tubes will cool the plate and will then flow to reflector inlet channels.
One KIWI-B6 design problem is the transition of core flow passages into the
limited number of pass-throughs in the hydrogen cooled bottom support plate.

For this reason, 19 fuel elements are included in the fuel cluster. This design
has not progressed much further than the conceptual design phase and is the
responsibility of Los Alamos. However, it will be worked on jointly by Los
Alamosg, Aerojet and Westinghouse.

KIWI project accomplishments include:

a. satisfactory fuel element developed,

b. uniform reactor core radial temperature demonstrated,

c. combined power and flow control using gaseous hydrogen
demonstrated,

d. startup data obtained with liquid hylrogen in hot reactor test,

e. high heat flux nozzle proof tested,

f. hydrogen turbopump for Test Cell A acceptance tested and
operated on cold flow reactor test, and

g. three KIWI-B core structural support designs completed and
reactors fabricated.




We believe that we have gone a long way toward developing a satisfactory fuel
element. We have not yet operated at the powers or the durations that we intend,
nor have we restarted the system at desired power and temperature. However, all
laboratory tests indicate the fuel element should operate satisfactorily for a
limited number of restarts at KIWI and NERVA design temperature and power density.
Core temperature distribution has proven to be remarkably uniform, an important
requirement for these high temperature systems. We have obtained, as I indicated,
startup data with liquid hydrogen during both cold flow and hot reactor opera-
tions. The KIWI-B nozzle has been proof tested with a hydrogen-oxygen combustion
chamber and has operated satisfactorily during the KIWI-B1B test. It is extremely
important to recognize that much has been accomplished in the KIWI project. Many
DProblems were encountered; many have been solved; others still exist to be solved,
but we are confident that these too will be solved. Several designs are being
worked on and out of these at least one will have sufficient design margin to
provide a satisfactory reactor for the KIWI - NERVA system.

NERVA Project

Even after accomplishing the obJjectives of the KIWI program to define a
basic reactor core configuration to be used in the NERVA engine, considersble
engineering work will be required to provide a reactor suitable for the flight
loads that will be experienced during flight operation of the NERVA engine.
Although it had been our intent to demonstrate the suitability of a reactor de-
sign, delays that have been encountered in obtaining necessary reactor date have
led to a different approach. We have tentatively selected KIWI-B4 as the most
promising reactor for application in NERVA. We have instructed our contractors,
Aerojet and Westinghouse, to proceed with design and fabrication of NERVA re-
actors, based on this B4 design, suitable for meeting the flight loads to be
experienced in NERVA. In addition, our contractors are proceeding with design
evaluation of KIWI-B6 for possible application in NERVA. We have greater over-
lapping and anticipation of results than we had planned in order to keep the pro-
gram moving on as rapid a pace as is practicable. This does involve greater risk
of funding and manpower use and from that point of view involves a greater gamble
than we had originelly proposed. The engineering development will have to be
conducted by Westinghouse as the principal Aerojet subcontractor. This engineer-
ing development is due to the higher loads to be experienced by the NERVA engine
reactor as compared to KIWLI reactors design loads.

Some of the modifications required to meet these load specifications are
shown in Figure 9 which is a drawing of the NRX-A, the designation for the NERVA
version of the KIWI-B4 reactor. Lateral support must be provided to the reactor
because side loads will be imposed during the handling and launch phase of the
flight operation prior to reactor startup. The lateral support system is shown
as a series of 3x3 pyrolytic graphite blocks which are spring loaded against the
core to retain it as a fairly rigid package. Lateral support design is compli-
cated by deflections on the fuel element clusters due to the side loads. These
deflections cause shifting of one fuel element cluster against the next and ex-
cessive friction between these clusters would cause binding and prevent freedom
of expansion, leading to possible fracture.

A shield contained within the pressure shell will be required in the flight
system to attenuate radiation energy leak’ng from the core by an order of magni-
tude to reduce propellant heating in the tank. This shield will be evaluated
first during the KIWI-B5 reactor tests. KIWI-B5 is a KIWI-B4 reactor with a
shield.

Extensive system design and analysis and component research and development
for the NERVA engine system will be in process during the KIWI-B and NRX reactor
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testing. Based on work done to date, estimated performance characteristics of
this engine are presented below.

Estimated Nuclear Engine Performance Cheracteristics
(Hot Bleed Cycle)

Thrust LBS 54,600
Pressure, Chamber PSIA 550
(Nozzle Inlet)
Nozzle Expansion Ratio 4o:1
Specific Impulse, Steady State SEC 780
Flow Rate, Propellant LB/SEC 70
Temperature, Core Exit Gas Op 3,630
Weight, Engine Dry LBS 13,750

You will note that the engine weight is high, but the high specific impulse com-
pared to chemical combustion systems more than compensates for the comparatively
high engine weight in the lunar and planetary missions which we intend for the
nuclear rocket.

A full scale mockup of the NERVA engine is shown in Figure 10. Here you
see the reactor, reactor control drums actuators, liquid hydrogen cooled nozzle,
the thrust structure, and the large spheres which accumilate high pressure gas
during operating cycles to provide pneumatic gas for actuator power during engine
restart operations. The over-all engine stands approximately 25 to 28 feet tall.
The tank shutoff valve and the gimbal bearing are located in the inlet duct with-
in the upper thrust structure. The turbopump system is located in the duct region
downstream from the gimbal. The gas used to drive the turbine is exhausted
through the roll control nozzles.

Although we have authorized our industrial contractors to proceed with
NRX-A reactor fabrication, a basic guide line in the program still requires that
successful reactor operation with liquid hydrogen be achieved prior to the
initiation of the major non-nuclear hardware procurement and development on both
the engine and the RIFT vehicle. Nevertheless, through analysis and tests, very
important fsbrication and operating data have been obtained on the NERVA nozzle,
methods for bleeding gas for turbine drive fluid, engine control, turbopump
operation, snd development of temperature, pressure and flow sensors for the
control system. Work will be continued on non-nuclear component areas con-
sidered to be major problems in the nuclear rocket system. It is intended that
sufficient component and radiation effects information be available before assem-
bly of the first engine to give the greatest possible assurance that the first
engine will operate satisfactorily end that the difficulties encountered will
result from those component matching and integration problems which cannot be
setisfactorily evaluated with prior tests and analyses. The difficulties of con-
ducting nuclear rocket engine system tests require that careful experiments and
analyses be conducted prior to such tests to insure the greatest probability of
success. A trial and error process in this area will not provide a developed
engine in the time that we have allocated for the progrem.

RIFT Project

We have already initiated efforts required to develop the RIFT stage
which will be used to flight test the NERVA engine. Lockheed has been selected
for that contract work. The principal objective of the RIFT Project is to flight
test the NERVA engine and obtain information on the operation of a nuclear rocket

system in the space flight enviromment. In addition, it is intended that these
RIFT tests provide data necessary for the development of an operational stage.
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They, therefore, constitute the first flights in the development of an opera-
tional vehicle. For that reason, the RIFT stage has been designed, primarily,
for the flight test objective in mind, but it is geometrically configured with
consideration of optimum escape payload when used as a third stage on the
advanced Saturn vehicle. The RIFT project does involve certain unique problems
in cryogenic systems, radiation effects, nuclear hazards, weight distribution
and start, restart and cool down operations.

Although chemical combustion systems also use cryogenic fluids, the nuclear
rocket does involve new cryogenic problems. For example, the RIFT stage will
involve the design, fabrication and operation of the largest liquid hydrogen
propellant tank planned on any of our vehicles. MNuclear rocket operation is
complicated by the radiation effects imposed on the components of this system.
Whete hydraulic actuators have worked effectively in all other chemical systems,
electropneumatic systems will be required in the muclear rocket, and most of the
electronic gear, cable, and other components for the system will have to be
evaluated under radiation environment conditions. In addition, the nuclear hazards
of operating the RIFT project and the effect of follow-on operational use on the
RIFT program safety design will be considered. The weight distribution is differ-
ent, largely because of the massive weight of the nuclear engine. The startup,
restart, shutdown and cool down of this system provides unique control require-
ments on the vehicle and also unique trajectory and guidance requirements.

A drawing of the RIFT stage is shown in Figure 11. The stage will stand
approximately 86 feet tall. The nose cone that will be included in the flight
test system will add an additional 54 feet to this height. The diameter of the
stage is 33 feet, which is the same as the diameter of the first two stages of
the advanced Saturn. The total stage weight is 200,000 pounds, with a hydrogen
propellant capacity of 156,000 pounds. The configuration of the entire RIFT
vehicle is shown in Figure 12. The total height of the vehicle will be 364 feet.
The first stage will be the S-1C stage, which I discussed above, and which has
a take-off thrust of 7-1/ 2 million pounds. A water filled dummy stage will be
used in place of the S-2 stage in order to provide reasonsble acceleration to
the RIFT stage.

It is now planned that four flights will be conducted with the RIFT stege.
The first flight will be a cold flow test and will involve operation of the engine
in the manner similar to that conducted for the KIWI test this past July. The
first flight will, therefore, evaluate the initial startup of the nuclear system,
but it will be conducted with the reactor fueled with uranium 238 so that there
are no criticality or safety operating problems associated with that first flight.
Such a flight is also required in order to checkout the dynamics of the entire
booster vehicle system and the telemetry system.

The second flight trajectory, with one nuclear thrust period, is depicted
in the next two figures. Figure 13 shows the trajectory plot in relation to
surrounding lend masses. The take off will, of course, be in Canaveral. The
first stage after cutoff will impact in the ocean approximately 450 nautical
miles from Canaveral and impact of the RIFT stage will occur approximetely 2,400
nautical miles downstream in the Atlantic Ocean. The altitude and range co-
ordinates of the second flight trajectory are shown in Figure 14. The first
stage, S-1C booster, will cutoff at approximately 60 nsutical miles and will
impact, as I indicated above, about 45Omutical miles from the launch point.

The second, or nuclear stage, will be brought up to full power after this cutoff
and will operate for approximately 12 to 1300 seconds, cutting off at 1500 miles
ra.n%e with impact at the 2400 miles range. The total flight time will be 2000
seconds.

I have indicated here our plans for the second flight involving a single

operating period. Consideration is now being given to mutiple operating periods
for the third and fourth fiight. I should point out that these miltiple
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operating period flights have not yet been definitely established, especially
in view of the fact that the reactor operation with restart has not yet been
evaluated. The data obtained during the reactor operation will significantly
affect the kind of flight mode we establish for this system.

It is important to recognize that we have limited the RIFT project to
these first four flights and fully expect that beyond this time we will con-
tinue with the flight testing of the vehicle. At that time, however, we expect
that the program will no longer be the Reactor-In-Flight-Test program, but will
become the program aimed at the development of an operational vehicle.

I have just described the AEC-NASA Nuclear Rocket Program and where we are
in 1962. The program began in a Laboratory seven years ago. Now, with our major
contractors selected, we have large scale industrial participation. We have a
total progrem consisting of reactor, engine, and stage development efforts to
demonstrate the practicability of nuclear flight. We also have advanced research
and technology efforts to provide techniques needed to perform useful missions
wilth nuclear rockets. We have progressed to full scale reactor testing at approxi-
mately design power level. The testing pace will increase since our second test
cell is almost available, the KIWI reactor pipeline has reactors available for
testing and NERVA reactor tests are scheduled to begin within a year. We have
achlieved several important technological milestones. We feel that we have the
fuel element required for the first engine program and we have shown that rocket
reactors can be started and operated using liquid hydrogen coolant without signi-
ficant control problems. Many difficult problems remain before a nuclear rocket
engine is developed, but we will be ready when the need arises for nuclear rockets
to propel sustained luner exploration missions and manned flights to the near
planets.
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CRITICALITY AND NUCLEAR CHARACTERISTICS OF THE
KIWI-A SERIES OF NUCLEAR PROPULSION TEST REACTORS

J. C. Hoogterp \%*S\

J. D, Orndoff
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico

I. Kiwi-A Reactor Objectives.

The "A" series of three Kiwi nuclear propulsion test reac-
tors forzﬁgperiments at the Nevada Test Site contained a uranium
(93.2% U““Y) 1loaded graphite core, a graphite reflector and a
Dy0 island. Boral rods in the D50 served as control. The core
heat exchange medium was gaseous hydrogen.

The aim of the test reactor was to provide as inexpensively
as possible, a temperature and environment suitable for core
material testing, (instead of simulating a flyable reactor).
Secondary goals were to check computed temperature effects on
neutronics and to gain experience in reactor testing. The pur-
pose of the D20 island within the core was to reduce fuel volume
and simplify control.

In the interest of early results, Sompromise test conditions
were set at a power density of 12 Mw/ft“, with maximum power at
100Mw, and exit gas temperatures in the neighborhood of 2000°C.

II. Mockup Studies.

At the beginning of the Rover Program, in 1954, basic criti-
cal information was needed for dimensioning preliminary reactor
designs. So the earliest critical assemblies at the LASL Pajar-
ito Site constituted a survey of the dependence of critical size
on parameters such as fuel loading, core density, island size
and reflector. When approximate design conditions were esta-
blished, there followed crude simulations of vessel walls, insul-
ating layers and controls. These assemblies were set up in the
"Honeycomb" machine (Figure 1), which sacrificed geometric per-—
fection for flexibility and had fuel regions made up of long
sandwiches of graphite plates and enriched-uranium foils.

As design progressed to the point that more detailed neu-
tronic information was required, measurements shifted to a "ZEPO"
mockup (Figure 2) with a precise but inflexible geometry. Here
the emphasis was on detailed fuel loading for favorable power
distribution (allowing for computed differences at operating
temperatures), and establishing a control and safety system with
suitable characteristics.

19



-eutyoey ,0doz, g °an3td

* y-odoz jo UONO9S 8S0IO TBUIPN3IBuOT

‘\I’\\l
g = 10015 _
4(3‘
s
| g
! ;
 S— n N —_—
b |l :
T i
3 7 ,
R _
K :
of 15 |
! Mt S e ——1,
. ..7 N
N 3 ? |
- Ry I 3
Sf 4
RE 3 :
Y I S = |
I ; I !
4 1
. i3 A.\\ soN :
AIHM
- — k—
]
b— - M
T.— RN DR
mmgumqmwm\\
\ _ .
i Ly
} = [
3 I |
1 SNAN102
73137 d310M | 73315 £ _|I|_
] |
_ |
|
Loy
I
|
3 (S
= &

*QUTYOBN ,quWODLdUOH,,

*1 2aIn31Jd




In Zepo-A, the mockup of Kiwi-A, structures were realistic,
except that uranium foil and graphite plates first simulated all
the loaded graphite fuel (Figure 3). Later, reactor fuel plates
were substituted in portions of the assembly. Zepo-A' mocked up
the Kiwi-A',-A3 modular core design with fuel-rods appropriately
distributed in a graphite matrix (Figure 4).

The 18 different critical configurations assembled on
Honeycomb are described in Table I. The first seven oﬁaghese
assemblies were slanted toward variation in carbon: U ratios.
The next three rather clean systems were designed as checks for
computations. Assemblies 11, 12 and 13 gave critical data on
cores of near minimum volume. The balance of the Honeycomb assem-
blies approached the realistic reactor design.

Kiwi-A design was based on Honeycomb Assembly A-18, with
Zepo-A establishing the final fuel loadings and control proper-
ties.

In Kiwi-A, fuel loadings were adjusted radially to compen-
sate for most of the flux peaking neaﬁsghe Do0 island and gra-
phite reflector. As established by U activation measurements
in Zepo-A and computed effects of temperature chang§35fue§—p1ate
loadings in this reactor ranged from 60 to 300 mg U /cm® .

For Kiwi-A' and-A3, flow-channel sizes were varied radially
so that only 3 loading gradations were required for a nearly
flat radial temperature profile under operating conditions.

Table III gives fuel loadings for these reactors, and
Figure 5 shows typical application of corrections to convert a
Zepo power distribution to that expected for the hot reactor.

II1. Features of The Test Reactors.

General design features of the three reactors is typified
by the schematic of Kiwi-A in Figure 6. 1Identical pressure
shells were water cooled. Reflectors were 14" thick graphite
annuli with ~ 5% of the volume occupied by coolant channels for
a bypass stream of hydrogen. Graphite wool served as thermal
insulation between the core and island and core and reflector.
The double-walled island container was cooled by rapidly circul-
ating Dq0.

The boral control and safety rods moved lengthwise within
the D50 island. The controls consisted of six ganged rods
(shims) and a vernier rod. Four additional safety rods were
adequate to maintain the reactor subcritical for any positioning
of the control rods. Figure 7 summarizes integral control rod
calibrations for the three reactors.

The core of the Kiwi-A', -A3 reactors (Figure 8) consisted
of 126 modules which were 45" long and supported at the cold end
of the reactor by tie rods. Each module contained 7 stacks of
fuel elements. For these reactors, the island, core and reflec~
tor liners were coated with a thermal insulating paint.

IV. Reactor Test Results.

Each test reactor was assembled at Los Alamos and operated
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Figure 3. Zepo mockup of Kiwi-A "Whim".

g,
S
-

Figure 4. Zepo donut mock-up of Kiwi-~A'-A3 Module geometry.
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20— Excess Reactivity and Typical Safety ]
o Control for the Kiwi-A Series of
18— . _
Propulsion Test Reactors
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Figure 7. Integrated Values of Kiwi Control. *
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at low power to confirm proper control characteristics and the
desired power distribution.

The reactor power was calibrated as follows. Just before
disassembly of the reactor, the fuel was activated by low-level
operation. Afterward, Y-counts of fuel elements established the
relative fissions distribution throughout the core. Radiochem-
ical analysis of several elements placed this distribution on an
absolute scale, so that the total number of fissions in the core
was obtained and related to the response of auxiliary radiochem-
jcal samples. Similar samples then could carry this power cali-
bration over to NTS instrumentation.

At NTS three sets of counters with overlapping ranges
carried the low-level power calibration to the required 100Mw
operating range. Enriched uranium fission chambers were used
from zero to about 10 watts of reactor power, compensated ion
chambers covered the intermediate range, and uncompensated 102
chambers about 400 feet from the reactor registered from ~ 10
watts to full power.

As an illustration, Figure 9 combines records of control rod
position, reactivity (reconstructed), and power for the Kiwi-A'
high-temperature run. Conditions at full power, i.e. power
values, hydrogen flow rate, and exit gas temperature, are sum-
marized in Table IV for the three A-type reactors.

In Table V are values of available and utilized excess re-
activities, plus a breakdown of the latter for the three power
runs.

Kiwi-A had the mishap of losing the island closure plate
and the graphite wool around the island during the high power
run. Kiwi-A' lost segments of three modules and all the fuel
elements in these modules. Modules in Kiwi-A3 were cracked but
the reactor held together for the duration of its test.

Erosion in fuel plates of Kiwi-A was severe in the hottest
section of the reactor. This plate erosion cost ~ 4.00$ in
reactivity. Niobium coating of the flow channels in the Kiwi-
A'-A3 reactors reduced fuel erosion to a negligible amount.
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Table IV

Results of the "A" Series Tests

Kiwi-A Kiwi-A' Kiwi-A-3
Date 7/16/59 7/8/60 10/19/60
Duration at full power, seconds 301 346 259
Thermal power, average Mw 74 90.3 114
Thermal power, peak Mw o 77 105. 118
Exit gas temperature, Av “C 1543 1960 1949
Gas flow rate, pounds/second 7.1 6.7 8.5
Table V

Available and Utilized Reactivity for
"A" Series Test Reactors ($)

Kiwi-A Kiwi-A' Kiwi-A3

Available Control Excess Reactivity
from cold critical (Estimated) 10.6 10.2 8.85

Reactivity contributed by
Hydrogen Propellant 0.1 0.2 0.2

Total Utilized Reactivity as indi-
cated by Control withdrawal 7.2 7.5 7.7

Reactivity utilized by Reactor
Temperature Coefficient 1.4 6.2 6.2

Reactivity Utilized by Reactor
parts losses 1.2 0.6 ———

Reactivity Utilized by Reactor
Core Corrosion 4.0 Negligible ——

Residual Reactivity Difference
Post run cold minus Pre Run Cold 5.7 1.00 1.3

31



S |

x66 50279

A

T B
NEUTRONICS OF KIWI-B NUCLEAR PROPULSION REACTORS é Nj j
H. H. Helmick and J. D. Orndoff
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico

The Kiwi-B series of Rover reactors, the second phase of the
Kiwi program, is aimed at developing a reactor design suitable for
flight application. The initial design of the Kiwi-B series called
for a beryllium-reflected graphite-moderated core, rather than the
graphite reflected graphite-moderated core containing a DoO island,
as in the Kiwi-A reactors. Stages in the neutronic studies for
the design of Kiwi-B type propulsion reactors consist of: (a) pre-
liminary critical mockups in the Honeycomb assembly machine to
establish gross features; (b) refined mockup studies with Zepo
(zero power) assemblies to determine control characteristics and
suitable U loading distributions; and (c¢) cold critical measure-
ments on the reactor itself to confirm its characteristics,
particularly to provide improved power distribution estimates for
specification of flow-passage orifices.

The Honeycomb assembly machine, in which critical surveys
were conducted consists of a matrix of 3" square aluminum tubes
which assemble into a 6' cube. The fuel region of the mockups
was made up of .002" and .005" enriched uranium (oralloy) foils
placed between 0.28" thick graphite plates and inserted in the
3" x 3" aluminum Honeycomb tubes. Two of the fuel tubes were
movable and served as vernier control rods while safetys were
provided by four more retractible fuel tubes. Poison materials
located at the graphite-beryllium interface in the assemblies
mocked up control vanes in the proposed reactors. Figure 1 is a
summary of the effectiveness of various control materials in a
typical Kiwi mockup assembly. Figure 2 shows the reactivity
contribution of hydrogen distributed uniformly over the cross
section of the core as a function of distance from the unreflected
end.

Based on the data obtained from Honeycomb measurements, a
uranium-loaded graphite core 35" in diameter and 52" long was
established for the Kiwi-B series of reactors, with void fraction
and uranium loading as variables, The universal reflector system
to be used with a variety of core designs was a beryllium cylinder
of annular thickness 4-1/2" containing 12 rotatable control drums
with boral inserts. The initial design (Kiwi-B-1A) had cylindri-
cal fuel elements within unloaded graphite ""modules" which fitted
together in a hexagonal-based matrix. Later designs aimed at
eliminating the support modules to give a core made up completely
of hexagonal fuel elements. Maximum uranium loadings of 0.4 gm/cc
result in non-thermal reactors with consequent low neutronic
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temperature coefficients of reactivity.

In the second reactor mockup series, Zepo assemblies provide
close neutronic simulation of the eventual reactor. The Zepo
core, raised by a hydraulic 1lift into a beryllium mockup reflector
assembly (Figure 3), consisted of a graphite cylinder which con-
tained 1159 three-quarter inch diameter holes arranged in a hex
pattern identical to the Kiwi-B-1A design. Fuel was in the form
of .003" uranium-foil hole liners, and graphite rods were inserted
in the holes to provide the desired average density. The 12
rotatable Kiwi-B control rods were mocked up by boral strips (53"
long x 3.3" wide) installed in the Be reflector. An actual
reactor reflector with control cylinders was installed later
(Figure 4).

Table I gives the characteristics common to the first ten
mockups, and Table II is a summary of critical data for these
variations. Each of the mockups from ZB-6 through ZB-10 has two
values for uranium density and C to U ratio. The first value
listed applies to the 204 outermost fuel rod holes, and the second
value is for the remainder of the core. The percent "Effective
Kiwi-B void," is corrected for minor geometric differences between
Zepo and Kiwi cores. Reactivity contributions of uranium and
graphite as functions of radius are shown in Figure 5.

Fission distributions along radii directed either toward or
between control rods shown in Figure 6 indicate the effect of
controls on the local fission power. Data have been converted to
hot reactor conditions, and the value listed for a control rod,
is the amount of poison that the rod contributes to the system.

The photograph, Figure 7, shows equipment for measuring
radial fission distributions. An array of ten fission counters
is installed on the core and is remotely positioned axially so
that a complete core flux map can be made in a relatively short
time.

The effectiveness of several materials installed on the
rotatable Be control drums is shown in Table III. "Reactivity
contribution" refers to the effect of rotating a control drum
from full "out" to full "in" when 120° of its surface is covered
with the material specified.

Table II1I

Control Rod Material Effectiveness

Surface Reactivity

Density Thickness Contribution

Material (gm/cm2) (in.) (dollars)
Gd .102 .005 -0.43
Gd .204 .010 -0.47
Ccd .322 .015 -0.45
Cd .665 .031 -0.46
Boral .063 (B10) .047 -0.72

The final stage in the checkout of the Kiwi-B design was a
cold critical check of the actual B-1A reactor. The primary
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purpose was to provide a checkout of the system prior to shipment

to the Nevada Test Site; however, a number of additional measure-

ments were made because of the high desirability of obtaining such
information at this time.

Multiplication measurements throughout the various stages of
assembling the reactor provided a safety guide for the succeeding
Nevada assembly. The first stages were building up the core
(Figure 8) and surrounding it by the graphite reflector cylinder.
Then Cd '"safing" strips were attached to the exterior of the
reflector cylinder, after which the pressure shell with Be re-
flector and control rods was installed around the Cd clad core.
The completed reactor assembly is shown in Figure 9.

A delayed critical configuration for the cold, dry reactor
was obtained with the twelve control rods 123° from their full
"in" position. The differential and integral control rod worth
of a typical rod is shown in Figure 10,

Values of Rossi-a, the neutron chain decay constant, with
the reactor near critical gave a prompt neutron mean lifetime of
43 usec.

The radial fission distribution was obtained by gamma count-
ing .006" diameter uranium wires which were distributed through
the core resulting in the normalized radial fissioning flux
distribution shown in Figure 11. Upon applying cold/hot cor-
rection factors and multiplying by the fuel element loadings, the
predicted "hot" fission density curve of Figure 12 was produced.

Power was calibrated by numerically integrating the product
of uranium weight and cold radial flux distribution over the
entire core, and normalizing to results of radiochemical analyses
of the center fuel element and several neighboring uranium
monitor wires. With the above information, radiochemical analyses
of similar wires in the reactor during a low power run in Nevada,
provided the basis for calibration of the neutronic instrumen-
tation at the test site.
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Zepo critical assembly machine

Figure 3.
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Actual reactor reflector with control rods installed

on Zepo

Figure 4.




Table I. Common characteristics of the first ten Zepo mockups

GROSS FEATURES OF ZEPO MOCKUPS OF KIWI-B-1A

Region Radii (in) Material Density(gm/cc)
0
Oy 0.074, 0.113
Fuel C
Nb
17.5
Gap Void
18 .o
Reflector C 1.84
19 875
Reflector Be & Gaps 1.62
24.6
Core Length 52.75 in

Peripheral Reflector Length 52.0 in

End Reflector 4-1/2" thick Al plate 70% void
placed 1/2" away from core inlet.

Control Rod Mockup 3.3" x 53" x .100" boral, surface
density .126 gm/cm2 normal boron.
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The complete Kiwi-B-1A reactor assembly
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NEUTRONIC CALCULATIONS OF TEMPERATURE

EFFECTS ON KIWI REACTORS \D‘\

Eugene A. Plassmann
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico

ABSTRACT s’az w0

The one-dimensional DSN neutronic code has been successfully
used to reproduce the radial fission distribution measured in
zero power critical mockup experiments of Kiwi reactors. The
calculations were than extended to predict the change in fission-
ing rate produced at Kiwi operating conditions. The neutronic
temperature coefficient for these reactors is also predicted. '——1==='-‘i

Conf R-D. Author

Machine calculations on the neutronic behavior of Kiwi
reactors have, in general, been done in close cooperation with
the experimental program. That is, experimental measurements,
obtained with critical assembly mockups of Kiwi configurations,
were used as the starting point for the calculational series, and
these in turn, could be used to predict and perhaps even guide
future experiments.

One of the basic requirements in the design of a Kiwi
reactor is a fairly uniform radial power distribution, so that
the core structure will not be subjected to undue thermal
stresses. Thus one must be able to predict the distribution of
fission density within the core of the reactor at its operating
temperature. Since critical assembly experiments are generally
limited to room temperature operation, one must resort to cal-
culational procedures in the prediction of these high temperature
effects. Such temperature dependent neutronjc calculations have
been done using the one-dimensional DSN code™ developed at Los
Alamos. This code is capable of solving a variety of neutron
transport problems using the IBM types 704 and 7090 computers.
In general, the calculation will compute the neutron and fission
distributions in the reactor and can be used to predict the
neutronic temperature coefficient of reactivity.

In all the temperature rglated calculations, twenty-four
energy group crOSS¢sectionsz' for all the reactor materials were
used. These are especially suitable for this type of calcul-
ation since the energy region below 1.125 electron volts is sub-
divided into eleven of the groups. It is in this energy range
where most of the change associated with the expected reactor
temperatures would take place. Up-scattering cross sections

were included in the uranium, carbon, and beryllium sets. Only
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measured fission distribution of ZEPO-B-1.
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Figure 1. Comparison of DSN calculations with experimentally



radial calculations were made, and axial leakage, suitable for a
reactor length of 132 cm (plus extrapolation lengths), was repre-
sented by a buckling approximation.

Kiwi-B-1A

At the time that this series of calculations was started,
experimentation had reached the stage of a ;airly detailed zero-
power critical mockup, which is called ZEPO , of the Kiwi~B-1A
reactor. Thus, experimentally measured radial fission traverses
were available, and the first problem was to reproduce these on
the computer. The core, reflector cylinder, reflector, and
pressure shell were divided into radial zones in the usual manner
so that the reactor materials at their proper densities could be
represented in the code.

Radial dimensions and material densities associated with the
ZEPO mockup of Kiwi-B-1A are listed in Table I. The first ZEPO
assembly was quite rough. It had a uniformly loaded core with
19.6% void, and the reflector was made up of slabs and blocks of
beryllium with an overall void of about 10%. In this ZEPO, the
twelve rotating control rods were mocked up as strips of boral
inserted between the beryllium slabs. 1In the calculation, the
control rods were represented by a 0.1 cm thick sheath of boron
imbedded in the middle of the beryllium reflector. Using the
density of boron in this sheath as the variable parameter, a set
of calculations was performed to match the experimentally measure-
ed fission distribution.

As is indicated in Table I, the calculations followed
several stages in the experimental development of the ZEPO
machine. Entries in the table show only the changes which were
made from the preceding set-up. In the second column, the
oralloy density was decreased at the outside of the core. This
was done because there is a sharp increase in fission rate at the
outer boundary of the core caused by the return of thermal neu-
trons from the beryllium reflector. A reduction of ‘the oralloy
density in this region, coupled with changes in the proposed
hydrogen propellant flow rate would produce a sufficiently uni-
form radial core temperature.

The next column in the table, represents the ZEPO after the
real reflector with its twelve rotating control rods was received
and the pressure shell was mocked up. The variable void in the
reflector was set at 7%.

As previously discussed, the calculations reproduced the
experimentally measured fission traverses by varying the boron
densitg in the 0.] cm sheath in the reflector. It was found that
3 x 1040 atoms/cm” was needed for a good mgach when lgoking at a
traverse between control rods, and 10 x 10 atoms/cm” when
looking toward a control rod. The reproduction numbers calcul-
ated for these various cases are given at the bottom of the
table. Since the purpose of the calculation is primarily to
obtain a correct fission distribution, a computed kerf differing
from unity by several percent is quite satisfactory. Of signi-
ficance, however, is the change in kefs in going from one calcul-
ation to the next.
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Figure 2. DSN computed radial fission distribution for Kiwi-B-1A.
DATA FOR DSN CALCULATIONS ON KIWI-B-I-A
Rocd"i'us gm/cm® Temperature  °C
[ 0 0.125 Oy
Central 1.468 C
| 38997 | 0.0866Nb
0.0750 Oy
CORE{ Depleted Oy 1.468 C 17 2000 2000
L4303 0.0866 Nb
No Oy 1.818 C
44450
R e T R(and void){ 1.400 C 17 890 340
51118
1.721 Be
REFLECTOR (sah%:,‘i?,){ 22'_'2?8 (Adjustable B) 17 17 i75
62.548
PR e RE (and void) 2.432 Al |7 7 17
64.113
Keff (Between control rods) 1.0449 1,0408 1.0421
(Toward control rods) 10317 1.0280 1.0299

Table I¥. Data for DSN calculation on Kiwi-B-1A.
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An example of the success achieved in matching the exper-
imental fission distribution is shown in Figure 1. This repre-
sents the final ZEPO case in Table I, where the proper reflector
and pressure shell were installed. The dashed curve is the
experimental traverse shown as an average of two critical confi-~
gurations. 1In the final reactor, the control rods should be
about halfway out, so this curve is a good representation of the
desired conditions. The solid line histogram then shows the DSN
computed fissions per gram of oralloy averaged in each of the
core intervals. The results are normalized to unity at the center
of the reactor.

Having thus gained confidence that reliable fission distri-
butions could be calculated, the dimensions and material densi-
ties of the actual Kiwi-B-1lA test reactor were substituted into
the calculation. These are listed in Table II, and show small
changes from the final ZEPO set-up. 1In this way, a predicted
cold fission distribution was obtained. The cross sections were
then nodified to the temperatures indicated in the table, first
to a preliminary guess, and then to a more refined prediction, to
compute the expected hot fission distributions. The results are
plotted in Figure 2. The fission rate decreases at the core
boundary as the temperature is increased.

Also plotted is the cold to hot fission ratio which in-
creases at the edge of the loaded core to about 30% more than its
value at the center of the core.

After the Kiwi-B-1A reactor had been assembled at Los Alamos,
and the actual fission distribution measured at delayed critical,
this fission ratio was used to help decide the dimensions of
orificing plugs needed to produce a flat radial temperature pro-
file for the test at Nevada.

The calculated ke £ values show a change of -0.00028 indi-
cating a decrease of agout 35 cents in reactivity in going to the
operating temperature. This, of course, does not include the
effect of core expansion which would contribute an additional
loss in reactivity.

Kiwi-B-4A

For calculational purposes, Kiwi-B-4A is essentially the
same as the B-1A reactor except in core composition. This new
reactor has about 12% less graphite and twice as much oralloy.
Stainless steel which is present in the core, although included
in the calculations, does not contribute markedly to either
reactivity or fission distribution.

ZEPO type experiments were performed to determine an oralloy
loading scheme to eliminate the fission spike in the peripheral
elements. DSN calculations again closely followed the exper-
imental development. As before, the experimental fission distri-
butions were matched in the calculations by adjusting the boron
density in the 0.1 cm sheath represegaing the cgntrol rods. For
this case, it was found that 20 x 10 atoms/cm” produced the
best fit.

Figure 3 gives an example of the match obtained for one of
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the early loading schemes. Here the fuel elegent oralloy loading
was varieg in ten radial zomnes from 390 gm/cm” at the center to
125 gm/cm™ at the periphery of the core. The solid curve shows
the experimental traverse as an average of measurements toward
and between control :rods. The histogram is the calculated dis-
tribution normalizec to one at the center of the core.

Having thus found the proper boron sheath density, the Kiwi-
B-4A design dimens;ions and material densities were substituted
into the calculation to obtain cold and hot fission distributions.
These are shown in Figure 4 for a later version of the oralloy
loading scheme. In going to operating temperature, the fission
density again decreases at the core periphery, however not as
much as in Kiwi-B-1A, because the average neutron energy is now
higher into the epithermal region. The cold to hot fission ratio

at the outside c¢f the core is now about 18% higher than the center
value.

The reprodiction numbers produced by these calculations show
that the neutroaic temperature coefficient of reactivity for
Kiwi-B~4A is very small and probably positive.
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% ROVER REACTOR CONTROL ELEMENT WORTH CALCULATION U

Albert W, Charmatz -
University of California ‘
Los Alamos Scientific Laboratory
Los Alamos, New Mexico

Calculations were performed to determine reactivity worth of control
elements in reactors suitable for rocket propulsion. The resultimg approxi-
mate values were used to evaluate the feasiblity of alternate control methods,
for an estimate of actuator requirements, and for analyses of control system
behavior resulting from individual rod motion.

Configurations considered included reactors with absorbing rods located
within the reactor core, as well as those using rotating control vanes located
within an external reflector, and rotating vanes in both the reflector and a
central moderating island. Calculations were performed to determine means of
reducing power peaking at the core - reflector interface. A brief survey was

1so performed to determine an approximate upper limit on reactor power level
5| beyond which control by neutron absorption im the reflector alone is no longer

| feagible. c’d‘ ‘.’. Auﬂ”’

ode and Cross Sections

Use was made of the discrete S_ approach to the numerical solution to
the neutron transport equation (DSN) 21 one dimensional form, for solution on
IBM 704 and 7090 computers. Cross sections used included 13, 16, 18, and 24
neutron energy groups. :

Reactor Type I - DUMBO

The Dumbo system was a heterogeneous, thermal reactor comsisting of
separate fuel-moderator modules on a 12 cm triangular spacing (Fig. 1A). Each
module consisted of a central void into which hydrogen flowed after passing
radially first through a zirconium hydride moderator annulus and then through
a fuel-loaded molybdenum annulus. Control rods were placed in the interstice
formed by three nearly-touching modules. This geometry was converted to a
form suitable for the one dimensional transport code, as shown in Fig. 1B.

The separation of the control rod from the first neutron-emitting (2rH ) sur-
face was made on the assumption that, given isotopic neutron emission from the

* Work performed under AEC Contract W-7405-ENG. 36,
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surface, the probability of neutrons seeing the absorbing rod was identical
for both the actual reactor and the one dimensional model. Cell calculations
were performed to obtain appropriate cross sections for the homogeneous core.

Table I lists poison rod configurations and calculated central control
rod worth, as well as experimental worth measured on the DUMBO ZEPO, where
available. In this and following tables, calculated control element worth is
given to two significant figures for comparison purposes within a set of cal-
culations, and not with an expectation of absolute two place accuracy.

Reactor T II -« Kiwi-B
A, Central Rod Worth

Calculations of reactivity worth of centrally located cylindrical rods
were performed on various reactor models. An early reactor type which was
converted to DSN calculational form for rod worth, and later, for reflector
neutron-absorbing curtain calculations, is shown in Fig. 2 Figure 2A shows a
typical module, while Fig, 2B shows a loaded section in greater detail with its
share of the surrounding unloaded region. Fig. 2C indicates a typical model
used in cell calculations to determine flux depressions within the loaded por-
tion and flux-averaged modified cross sections to be used in the homogeneous
core part of the overall reactor model. Table II lists the results of central
rod worth calculations.

B, Reflector Control Vanes

Relative worth of rotating control drums within the reflector was deter-
mined by solving for system reactivity with neutron absorbing curtains repre-
senting a "poison in" or a "poison out" position, placed in either of two posi-
tions with the reflector, the former 0.5" from the inner reflector surface and
the latter 0,5" from the outer reflector. Using the one dimensional code a
change in reactivity worth of the entire poison curtain was obtained for the
two extreme positions, yielding a reactivity worth per unit surface area of
absorbing curtain. Considering the curved geometry of individual poison seg-
ments and examining flux shapes in the reflector regions, the integrated worth
of a given vane (full out to full in motion) could be simulated with sufficient
accuracy for the required purposes by representing the true vane surface area
by that of a larger vane. The control vane arc length (one-third of the
periphery associated with a given control vane) was considered to be one-third
of 2% times (the true vane radius plus about 1 1/2 cm), where the added con-
stant is in the order of a thermal neutron mean free path in the beryllium of
interest. The ratio of this fictitious area to that of the calculational
model's curtain area, times the total curtain worth, was then called the worth
of an individual control vane. Table III indicates some calculated values for
typical curtains and vanes, as well as clean reactor reactivity vs. reflector
thickness.

C. Powyer P i t Core E

For a uniformly loaded core, fission density is found to increase quite
rapidly near the core edge because of a return of low energy neutrons from
the reflector. One method of reducing the magnitude of this peaking is to
place a selective neutron absorber (e.g., a cadmium sheath) between the core
" and the reflector to absorb low energy neutrons returning toward the core while
permitting high energy neutrons to pass from the core to the reflector. A
disadvantage is the reduction in control vane worth, since the control vane is
operating partly on low energy neutrons. Table IV summarizes results of calcu-
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lations. Measurements of the effect of adding a four mil Cd screen at the
inner edge of the Be reflector of a faster spectrum reactor, whirh were made
on the Honeycomb critical assembly machine, resulted in a ~$6 reactivity de-
crease, and a decrease in peaking from about 1.6 times core average to 1.0
times average, analagous to the changes listed in Table IV,

Kiwi=B=4

Table V describes a Kiwi=Be4 model, used for rod worth and reflector
control vane studies, and a comparison of calculated and measured results.

8000 and 20,000 MW Reactors

Calculations were performed to determine approximate reactivity worth
of rotating control vanes located in the reflectors of reactors resulting
from conceptual design studies. Tables VI and VII list results and reactor
descriptions.

Vane Worth vs, Power Level

Vane worth, observed as a function of reactor power level for certain
detailed reactor designs (Table VIII), shows no significant change over15he
power range considered, as well as an approximately constant Eu203 to B
relative worth,

40,000 MW Reactors

Simplified models of 40,000 MW reactors were examined in order to obtain
a measure of the feasibility of reflector control of large reactors. Instead
of 150 MW/cubic foot of active core as in the 20,000 MW design, 175 was used,
yielding a 228 ft®core volume requirement. The effects of changing reactor
length (5, 6, and 7 ft), core void fraction (30 and 40%), and reflector thick-
ness (6 and 8") were studied (Table IX). The lack of power peaking at the
core edge indicated thicker reflectors could be considered; this led to higher
vane worths (x1$ for 12" reflectors on some models).

Because of decreasing reflector control worth for thin reflector models,
a reactor model was investigated in which a central Be island was emplaced.
Table X indicates a significant increase in total curtain worth, but also
reveals a large interdependence of the two control regions.

Full power hydrogen reactivity worth may be estimated as being in the
order of + 208, subject to many initial assumptions. Temperature reactivity
effect (room temperature to 3000 R average core temperature) has been calcu-
lated at ~ =20$. The uniform addition to the core of Gd (=l to 3 x 10*®a/cc)
results in a decrease to ~ -5 to 10§, for the 40 KMW 30% void 8" reflector, and
the 40 KMW island models, although fuel loading must be increased (Table XI).
Beyond this, the complex interrelation of reactor type (core void, length,
reflector thickness and operating (H,) conditions) with temperature and hydro-
gen reactivities, has not been investigated.
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Table I - Dumbo Central Control Rod Worth

Absorber Rod Worth
Absorber Rod 0.D. Thickness Calculated Measured (ZEPQ)
Cd 0.5 inch 17 mils $0.35 $0.37
. Gd 0.5 3 .39 -—-
B! O 0.595 2 ' .57 .67
Table II - Kiwi-B Central Control Rod Worth
Absorber Rod Worth,
Absorber Rod 0.D. Thickness Calculated
B'© 0.5 inch 2 mils $0.38
" 2.36 2 1.2
Eu,0; - Gd,0, 0.5 9 +1 0.41
" 2.36 4+ 1 0.87
" 2.36 9 +1 1.6
Hf 0.5 solid 0.52
Reactor Description:
Core - 36 inch 0.D., 15% void, 400 mgU/ccC

Gap - 0.3 inch C wool
Reflector cylinder - 2.0 inch C
Reflector - 5.0 inch Be, 10% void
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Table IIX

Kiwi-B B}° Curtain Worth

Worth Worth
Absorber Reflector Relative to Relative to
Thickness Thickness Clean Reactor "Curtain Out" Vane Worth
6 mils 4.0 inch §15.2 -—- <$0.54
0.4 4.5 10.8 - < 0.44
4 4.5 16.6 -—— < 0.67
6 4.5 17.5 $16.2 < 0.71 (0.66)
6 5.0 19.8 18.5 < 0.86 (0.81)

Kiwi-B Reactivity vs, Reflector Thicknes:

Reflector Reflector Beryllium

Thickness Yoid Fraction Density Reactivity
4.5 inch 0.10 1.234 a/en® $1.9
4.5 0.175 1.138 0 (Reference)
4.5 0.25 1.031 -2.6
5.0 0.175 1.265 2.3
4.5 0.175 1.138 0 (Reference)
4,0 0.175 1.012 -2.5

Reactor Description:

Core - 52 inch L x 35.5 inch 0.D,, 20% void, 41% loaded at 250 mgU/ccC
Gap - 0.25 inch C wool

Reflector cylinder - 2 inch C

Gap - 0.25 inch

Reflector - 4, 4%, or 5 inches Be

Kiwi-B-1B Vane Worth

Calculated Worth Measured Worth
Absorber Reflector Curtain Vane (Reacror at Kiva)
10 mils B'® 4.5 in. Be $18.2 $0.77 $0.78
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Table IV - Pojisoned Reflector in Kiwi-B

Boral

Centerline F, Edge F, Op Vane Curtain

Absorber Average F, Average F from Clean Oe_from Cd
None 1.13 1.91 - c--
1 mil Cd 1.28 1.17 $ 8.2 ---
2 mils Cd 1.30 1.04 9.7 -——
1 mil Cd 1.47 0.71 17.6 $9.4

(+ 6 mils B!©
vane curtain)

2 mils Cd 1.48 0.69 17.8 8.1
(+ 6 mils B'®
vane curtain)

Reactor Description:

Core - 52 inch L x 35 inch 0.D., 20% void, 36% loaded to 250 mgU/ccC
Gap - 0.5 inch C wool

Reflector cylinder - 2 inch C

Gap - 0.125 inch

Reflector - 4.5 inch Be, 17.5% void

Table V - Kiwi-B-4 - C R or Vane W
I. Central Rod
Rogd Worth
Absorber Rod 0D, Lalculated Measured (ZEPO)
B, C 0.125 inch 6.1¢ 4¢ (Average of 28
close rods)
11. Reflector .
Absorber Vage Worth
Absorber Ihickness Calculated Measured (ZEPO)
BtO 10 mils $0.55 $0.67
Eu,0, 5 --- A
" 10 —— .50
" 12.5 42 ——-
" 15 - .53
" 20 47 -

Reactor Description:

Core - 52 inch L x 35.1 inch 0.D,, 28% void

Reflector cylinder - 1.8 inch C, 10% void

Reflector - 4.5 inch Be, 12% void

Core loading: 400 mgU/ccC to r = 15 inches, then 348 to r = 15.75,
304 to r = 16,5, 264 to r = 17, and 220 to r = 17.25.
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Table VI - 8,000 MW Reactor Control Vane Worth

Total

Absorber Curtain Vane

Reflector Thickness Absorbexr  Thickness _Yoxth ~ Morth

4.1 inch 1.03 x 10°% a Be/en® Eu,0, 30 mils $ 6.24 $0.17
6.0 1.51 Ey,0, 10 12.2 45
6.0 1.51 Ey, O, 30 14.1 .52
6.0 1.51 BtO 10 15.9 .59
7.5 1.89 Ey, 0, 30 23.9 1.1

Reactor Description:

Core - 52 inches L x 55 inch 0.D,, ~ 35% void

Reflector cylinder - 1.9 inch C plus Al

Reflector - Be, 20% void

The only variation among reflector thickness models is number density of
25 and 28 in the core.

Table VII - 20,000 MW Reactor Control Vane Worth

Total
Absorber Curtain Vane
Absorber Thickness _Worth North
Blo 6 mils $14.7 $0.43
Ey, 0, 10 12.0 .35
" 30 14.6 b2
Eu,0, + Gd, 0, 9 + 1 12.0 .35
" 27 + 3 15.8 .46

Reactor Description:

Core - 60 inches L x 69.5 inch 0.D,, 34% void, four radial
loading variations (60 mgU/ccC)

Reflector cylinder - 1 inch C, 10% void

Reflector - 6 inches Be, 20% void

Table VIII - Vape Worth as a Function of Reactor Power Level
P Boron-ten Eyxopium Oxide Relative Measured or
_R Thickness  MWorth  Ihickness  MWorth  Moxth CLalculated
4,000 MW 5 mils $0.41 --- Zepo
10 mils $0.67 10 .50 0.75 Zepo
15 .53 - Zepo
10 .55 12.5 42 ~ .16 DSN
20 47 ——— DSN
8,000 10 .59 10 A .76 DSN
30 .52 _——— DSN
20,000 10 .49 10 .35 .71 DSN
30 42 --- DSN
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Table IX - MW R, C v W

Core Core Thickness Curtain Vane
LXD (o)  Yoid  Reflector  Eu®  _Yoxth  North
60 x 91 30% 6 inch 20 mils $ 4.4 $0.10
30 8 20 7.4 .22
30 8 50 8.1 .24
40 6 20 8.0 .18
40 8 20 11.6 .35
72 x 83.5 30 8 20 10.6 .35
84 x 77.5 30 8 20 16.2 .56
Table X - MW R Wi C 1
Reflector Island Reactivity
Poison Poison Change
Out (Min. Poison) Out-->In $ 9.5
In (Max. Poison) Out-->In 17
In-->Out In (Min. Poison) 11
In-->Out Out (Max. Poison) 18

Reactor Description:

Island - 8 inch radius, 20% void Be

Core - 46.5 inch outside radius, 35% void
Reflector cylinder - 1 inch C

Reflector - 6 inches Be, 20% void
Absorber - 20 mils Eu, 04
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$ LEAKAGE RADIATION FIELDS FROM THE KIWI-B-1A \UX

D. M. Peterson
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico

The leakage radiation fields from a simple model of the
Kiwi-B-1lA reactor system have been computed using the QAD program
originally developed by R, E. Malenfant of LASL. Some predicted
shapes for these radiation patterns are given here, and one
particular calculation is compared to experiment to permit some
discussion of the agreement attained.

3 The QAD program utilizes a distributed point source, line-of-
|fght calculation. That is, this program considers the source

egion as a set of small volumes, with a point source in each
‘olume and calculates the contribution of each of these sources

t a particular detector considering only the effects of those
materials on a line-of-sight between the point source and the
'detector. Gamma source spectra, material attenuation factors,
and buildup coefficients may be arbitrary. Neutron sources
presently must be given the Watt fission spectrum and the neutron
attenuation factors employed are based upon moments method data.
At each detector point, the QAD program will provide an arrival
number spectrum or energy spectrum as well as dose and heat
generation rates from both gamma radiation and fast neutrons.

The geometry used in these calculations (which is shown in
Figure 1) was assumed to be in free space, that is no air
scattering or other external scattering was considered. The
system consisted of a central cylindric core, a graphite liner,
a beryllium reflector, an aluminum core support plate, an alumi-
num pressure vessel, and a nickle nozzle.

The reactor source was simulated by 750 source points, the
source intensities being chosen to correspond to a flat radial
power distribution, and a cosine longitudinal power distribution.
A nineteen line source spectrum was used for the gammas; a fission
spectrum source was used for the neutrons. The calculation re-
quired 6-10 seconds per detector point.

Some gamma isodose patterns are shown in Figure 2. These
were computed for a reactor power of 1000 MW. The high dose rate
regions exhibit irregularities which may be roughly correlated
with the effective penetration lengths for radiation emanating
from the central portion of the reactor. As the distance from
the reactor center increases, these irregularities become less
pronounced, and the radiation patterns tend toward isotropicity;
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this is nearly achieved at 4 meters.

In order to provide a better comparison between the analytic
method and experiment, the total gamma ray dose and the activation
to be expected in sulfur (from fast neutron flux above 2.2 mev)
were also computed for various points along a meridian ring
geometry located 127 cm from the center of the reactor core.

There were some fourteen experimental setups, stationed ten degrees
apart, on this ring. The calculated data were normalized to
correspond to 2.95 x 1018 fissions, which is believed to be the
correct source strength for the particular run to which comparison
was made.

The calculated and experimentally determined gamma ray doses
for this case are shown in Figure 3, on which there is also a
phantom view of the reactor and meridian ring geometry super-
imposed for purposes of orientation.

Since the analytic dose predictions did not take into account
radiation which was scattered from the massive test stand shield -
the 19" thick object which is outlined below the reactor - it is
not surprising that the analytic results are lower than the
measured doses at the bottom or inlet end of the system. Other-
wise the agreement between the two sets of results is very good,
both in shape and magnitude.

Except for those effects near the inlet end previously
attributed to external scattering, the largest percentage devi-
ations between the experimental and analytic results occur in
that portion of the figure above 120°, 1In this region, the
geometry used for the calculated models was oversimplified in
comparison to the rather irregular and complex arrangement of the
actual system. Better agreement might have been obtained if the
calculational geometry had been a more precise representation of
the system, but it is felt that an adequate representation was
obtained with the simple model chosen.

For the remainder of the system, the analytic and experi-
mental results appear to agree to within five percent. However,
the experimental results were probably enhanced a few percent by
radiation delivered after shutdown, but prior to the recovery of
the dosimeters. Thus, it is probable that the calculations are
over-predicting the doses by approximately 10% in the area of
best agreement - i.e., that part of the calculational geometry
which best approximates the actual system, Small as this
difference is, the agreement in the shape of the data is probably
better - i.e., if the calculated curve had been renormalized for
a best fit to the data in the upper two-thirds of the figure, few
deviations would be greater than five percent.

A comparison of some tentative neutron flux calculations and
experimentally determined neutron fluxes are shown in Figure 4.
The analytic data have been normalized to the experiment at the
920 position in order to compare the shapes of the two sets of
data.

This figure shows that the fast neutron experimental and
normalized analytic data are in reasonable agreement. The absolute
agreement is not as good as for the gamma ray data; the unscaled
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analytic data are about a factor-of-two higher than experiment.
It may ultimately be possible to obtain better absolute agreement
between such calculations and experiment, but it is too early to
tell, since there are fundamental differences between these
geometries and the situations for which the moments method data
were developed.

These attempts to calculate neutron fluxes by the moments
method have just recently been undertaken in the hope of gener-
ating a neutron program which can perform calculations with the
same ease, speed and reliability now inherent in the QAD gamma
program, With growing experimental and theoretical experience
available as a normalizing guide, via measured doses and Monte
Carlo calculations, it should be possible to realize these aims
regardless of the absolute accuracy ultimately obtainable.

This program can be used to compute radiation fields for
systems with more complex physical configurations than can be
readily handled by Monte Carlo and S, type programs, though the
QAD results are not as detailed as those of Monte Carlo or Sj.
Thus, QAD is not considered as a replacement for these other
approaches, rather it is a supplement which is used both to
perform initial survey type calculations for new systems and to
apply Monte Carlo and S, results to the complex portions of more
thoroughly studied systems by normalizing to such results at
suitably chosen points.
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-
DESIGN COMPUTATIONS FOR A NUCLEAR ROCKET SHADOW SHIELD lU %
BY

Mary Ann Capo

Westinghouse Electric Corporation
Astronuclear Laboratory

, Pittsburgh, Pennsylvania

The objective of this study was to design a shield for use in the NERVA nuclear
rocket engine system. The primary purpose of the shield is to reduce the radiation heating
of the liquid hydrogen in the propellant tank to a tolerable level in order to minimize the
vehicle system weight. Experimental data are not yet available that define the propellant
flow in the tank so as to correlate propellant temperature rise with tank heat input. There-
fore, it was assumed that a shield would be required which reduces the total tank heat input

by 90%.

Before designing the shield, it was necessary to define the magnitude and distribu-
tion of heat deposited in an unshielded tank. Three processes of heat deposition in liquid
hydrogen were considered: core gamma ray interactions, fast neutron elastic scattering,
and the capture gamma reaction with the emission of a 2.23 Mev gamma ray.

Illustrated in Figure 1 is a scaled drawing of the unshielded propellant tank with
the reactor core, reflector and core top support plate in position. This configuration illus-
trates a 37.5° angle tank. If one visualizes the lower section of the tank as the frustrum of
a cone, the apex of which is located at the center of the reactor, the major base of the cone
is equal to the tank diameter (30 feet); and the minor base is located 8 5 feet above the core
center. The tank angle, 9, is then half the angle of the cone.

Throughout this study it was assumed that a KIWI B-1 type core would be used for
the NERVA mission generating 1120 MW of thermal power and operating for 20 minutes.
The radial power distribution within the reactor was considered flat, while the axial power
distribution was assumed to be a skewed cosine distribution.

‘Tank heat input data were calculated for three different tank angles of 25°, 30° and
37.5°. Gamma energy fluxes were obtained along the plane area subtending the tank from
the center of the core using Program 14-0. This program evaluates point-to-point attenua-
tion kernels and integrates over the cylindrical source volume in performing reactor-shield
penetration calculations. Neutron energy fluxes were obtained by normalizing multigroup
one dimensional diffusion data to the fast neutron data computed by Program 14-0. The
total heat input to each tank was obtained by integrating the normal component of the total
energy flux over the plane area. The normal component was obtained by multiplying the
flux by the cos a determined by the R, Z location of each detector.
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Results are shown inFable 1 for three tank angles.

TABLE |
HEAT INPUT DATA FOR THREE TANK ANGLES
Tank Angle

Heat Input, MW 25° 30° 37.5°
Core Gamma 0.33 0.46 0.66
Neutron 0.07 ¢ 0.095 0.13
Capture Gamma 0.24 0.33 0.45
TOTAL 0.64 0.885 1.24

This analysis assumes that all of the incident energy flux is absorbed in the tank,
that all the neutrons that reach the tank will be thermalized and produce a 2.23 Mev
gamma ray, and that all the secondary gamma rays are subsequently absorbed. Studies are
now in progress to determine the per cent of gamma rays that might escape the tank, and
to determine a better distribution and effect of the capture gamma rays.

The above data indicate that 52% of the total heat is due to core gammas, 11% to
neutron kinetic heating and 37% is due to capture gammas.

Since the shield specification is a 90% reduction in total tank heating, the follow-
ing equation can be established:

P = 0.52F, + 0.48F,
where P = fraction of unshielded propellant heating
FY = ratio of shielded to unshielded heating due to core gamma
rays
F, = ratio of shielded to unshielded heating due to neutrons

If the fraction 0.52 and 0.48 should change drastically due to a more refined
analysis of the tank heating problem, then the shield, of course, would also change. How-
ever, there was an immediate need for determining a basic criteria for the shield design.
The above equation was therefore selected as a basis for the shield design.

With various thicknesses of shield materials positioned above the core top support
plate, Program 14-0 was used to calculate gamma ray and neutron dose rates at a detector
point located on the core midplane at the bottom of the tank. The shield extended radially
to the outer edge of the core.

The parametric data thus generated consist of the attenuation factor for each shield
material for neutrons and gamma rays as a function of shield material thickness.

Several values of the fraction P, defined above, were selected for the parametric
study; namely, 0.2, 0.1, 0.07 and 0.04 which correspond to 80, 90, 93 and 96% center line
attenuation. From the parametric attenuation data, values of the unshielded to shielded
ratios for neutrons and gammas were determined for each material and were combined to
obtain the values F,, and F, also defined above. Since, for configurations consisting of two
materials, several shields could be selected that would result in a specific center line atten-
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vation, the problem remained to determine the minimum weight shield for a given attenua-
tion factor.

Presented in Table Il are the weight calculations for a 96% center line attenuation
shield consisting of Li H and steel.

TABLE Ii
WEIGHT CALCULATIONS FOR A 96% CENTER LINE ATTENUATION SHIELD

[}
Shield No. 1 Shield No. 2 Shield No. 3 Shield No. 4

Steel, cm 9 8.6 8 7.2
Li H, cm 15 17 20 25

Total, cm 26.7 28.4 31.1 35.8
% Steel 33.7 30.2 25.7 20.1
AL 14 15.7 18.4 23.1
Shield Weight (gm/cm?2 82.4 80.7 78.1 75.4
Engine Weight (gm/cm<) 9.1 10.3 12.0 15.1
Total Weight (gm/cm?2) 91.5 91.0 90.1 9.5

The four cases represent four different shield configurations consisting of Li H and
steel. Notice that the total thickness does not equal the steel plus lithium hydride thick-
ness. This is due to a 10% void fraction included to account for necessary coolant channels.
The per cent of steel in the shield mixture is tabulated. The AL represents the increased
pressure vessel and interstage vehicle length required for each particular shield. It was
assumed that a 5-inch (12.7 cm) plenum above the reactor would be needed regardless of
whether or not a shield was present.. Thus, AL = the shield length minus 12.7 cm. The
shield weight for gach case is given. The engine weight = AL times the engine density
of 0.653 gram/cm®. This density was derived from an aluminum pressure vessel weight of
17.4 1b/in, and an interstage sleeve weight and engine connection weight of 16 Ib/in based
on previous RIFT studies. An effective interstage weight factor for the nuclear stage of
1/2.7 was assumed. This weight trade-off factor is necessary since the interstage sleeve
would not be carried for a full mission as would the shield. The total weight shown here
is then equal to the shield weight plus the engine weight.

The total weight can then be plotted as a function of the per cent of steel in the
shield material mixture to determine where the minimum shield weight occurs. The per cent
steel at which the minimum weight occurs varies depending upon the desired attenuation
factor. The minimum weight for a 96% center line attenuation shield occurs at about 27%
steel, and for a 90% center line attenuation shield at about 17.5% steel. Given the total
weight and per cent steel at which the minimum shield weight occurs, the shield weight and
subsequently the shield thickness can easily be determined.

This same type of analysis was carried out for several material configurations.
Results are shown below in Table III.
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TABLE Il1
VARIOUS MINIMUM WEIGHT SHIELDS - 90% CENTER LINE ATTENUATION

Shield Total Shield Weight Total Weight
Material Thickness, cm (Gram/cmz) (Gram/cm?2)
LiH-U 23.9 43.6 50.9
Li H - Steel 26.0 50.8 59.5
Be - Steel 26.0 51.2 59.9
LH,-U 42.1 415 60.7
Be(g 25.0 63.0 71.1
L Hy - Steel 374 56.7 72.8
Graphite - Boron 40.0 61.2 78.9
Be - Boron 38.1 63.4 79.9

The total shield thickness is given, as well as the shield weight and corresponding
total weight which includes the engine weight. The Li H - Uranium shield appeared inter-
esting from a weight viewpoint. However, uranium is toxic and required special handling
facilities. In addition, both the lithium hydride and uranium would have to be placed with-
in a containing material which would increase the weight. The container material itself
should be included as a gamma shielding. Thus, the shield design would require an iterative
design process where the mechanical designers would include canning and structure material,
and the configuration reanalyzed to determine how much the shielding could be reduced.
This appeared prohibitive from a time standpoint. The configuration of Li H - Steel was
selected for the first NERVA shield design since it appeared more practical because of
manufacturing technology and adaptability to the heated bleed engine cycle. In the heated
bleed cycle it is advantageous to extract heat from the shield. The Li is an excellent heat
source due to the n, a reaction. The steel container for the Li H was included as a gamma
shield. The next configuration worthy of investigation appears to be a beryllium-steel
shield. [t shows evidence of promise but more extensive calculations will be required to
determine its value. The other configurations were either incompatible with the heated
bleed cycle or resulted in heavier weights.

With the selection of the lithium hydride-steel shield, the problem remained to
determine the thickness of shielding and the radius of the shield required to reduce the
total tank heating by 90%. Two different shield radii were investigated; these two radii
correspond to the outer radius of the core and the outer radius of the reflector.

A parametric family of curves was generated, shown in Figure 2, illustrating shield
weight as a function of propellant heating. These data were obtained by calculating the
total heating in the tank with shield thicknesses corresponding to 80, 90, 93 and 96% center
line attenuation for the two different shield radii. Only two tank angles are shown here for
simplicity. The zero weight corresponds to the unshielded condition. For a 25° angle tank
it can be seen that either shield effects a 90% reduction in total tank heating. The weights
of these two shields are approximately 1400 and 1800 pounds. The lighter of the two shields
is that which extends to the reflector outer radius. For the 37.5° angle, where the shield
radius equals the core radius, no amount of shielding effects a 90% reduction. With the
shield extended to the outer radius of the reflector, a 2100 pound shield is applicable. This
shield represents approximately a 96% center line reduction.

74




‘\‘4 »

It then seemed expeditious to shape the shield to effect a weight savings. An itera-
tive process was followed in shaping the shield for each tank angle persued in this analysis.
The final shaped shield weighed 1660 pounds for a 37.5° tank angle compared to about 2100
pounds for the unshaped case. This shield consists of the original cylinder covering the entire
reflector diameter but with a diagonal slice removed at the corners. This diagonal slice be-
gins at the core outer radius and projects to zero thickness of the reflector outer radius.

The Li H ~ Steel shield is now being bui It by Westinghouse Astronuclear Laboratory

for delivery to Los Alamos Scientific Laboratory for a series of tests with the KIW| B4
reactor core as the source.
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X66 50284
CALCULATIONS OF NEUTRON ACTIVATION DOSE RATES

IN NUCLEAR ROCKET VEHICLES AND TEST FACILITIES

N
Robert M. Thornton and C. K. Butterworth [U .E
Lockheed~Georgia Company E

INTRODUCTION

Static testing of nuclear rockets will result in neutron activation of the engine, the stage
and any other materials and structures that are exposed to the neutron leakage during a
test. The magnitude of the gamma dose rates from activation must be considered in
planning the test program, designing the test facilities and determining the feasibility of
re-use of components in the test program.

We have performed calculations of the activation characteristics of alloys for RIFT
applications, dose rates from the RIFT stage, the NERVA engine ,and several versions of
a static test stand. The current Lockheed RIFT stage design has been used and the
structural design of the NERVA engine has been obtained from Aerojet reports. In cal-
culating the neutron leakage of the NERVA engine, a KIWI B-1 core configuration with a
2200 pound reactor shield was used, assuming an 1120 MW power.

COMPUTER PROGRAM
The calculations have been carried out with an IBM-7090 computer program. The
component to be investigated is divided into a large number of modules, each of which is
subsequently considered as a point source of decay radiation. Input information to the
program consists of:
+ coordinates of each module centroid
+ weight and types of alloys in each module

» fast and thermal neutron fluxes at the module centroid

« coordinates of the points at which the dose rates are desired
The program has built into it:

* alloy compositions

» thermal and fast neutron reaction rates per unit neutron flux
. isotopé decay constants

+ flux-to-dose-rate conversion factors

The dose rate contribution from each module is determined at the point of interest,
accounting for spherical divergence, and the sum of all contributions is computed., The
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program considers a total of 52 fast and thermal neutron reactions on 20 elements. For
thermal neutron reactions the 2200 m/sec cross sections have been used and, for fast
neutron reactions, effective cross sections measured in a U235 fission spectrum have
been used. In determining the flux-to-dose-rate conversion factors, the decay scheme
of each isotope has been considered.

As a check on the accuracy of the program calculations, a problem was set up to
duplicate the experimental conditions under which an alloy irradiation was carried out at

the General Dynamics-Fort Worth reactor facility. In this experiment, a number of
alloys were irradiated and the gamma dose rates were measured as a function of decay
time.

Figure 1 shows typical results of the comparison between measured and calculated
values, where dose rates per unit weight are given vs. decay time. The curves repre-
sent measured values and the points are calculated.

The agreement for aluminum alloys, as typified by 1100 Al is excellent in both half-life
and magnitude. The titantium alloys, as typified by RS-140 titanium showed good agree-
ment, as did the high temperature alloys typified by Inconel-X. The 4340 steel
calculations show a departure from the measured values in half life. The cause for this
departure has not been isolated as yet, but the comparison is still within the desired
accuracy of the program calculations.

RESULTS OF CALCULATIONS
The calculations of the activation of the NERVA engine, the RIFT stage and the static
test stand have been made using flux profiles calculated with the GE 04-4 shielding pro-
gram. In addition, Monte Carlo calculations were performed to estimate the thermal to
fast flux ratio within the shadow of a 2200 pound NERVA shield.

ALLOY ACTIVATION CHARACTERISTICS

Calculations of the dose rate at one foot from one pound of an alloy have been performed
for all alloys that have been considered for use in the RIFT program. The exposure
location considered was along the conical portion of the stage propellant tank where the
incident neutron flux is almost uniform, and engine operation of 1300 seconds at 1120
MW was assumed.

Figure 2 shows results for this location. Shown here is R/HR-LB vs. decay time, and
this offers a means of comparison of all alloys on a common basis. The relative
ranking of the alloys is clearly a function of the decay time. The aluminum alloys,
typified by 5456 Al, are relatively high in activity at short decay times, due to 2.6-hour
Mn56. From 10 hours to about 1 week the dose rate is due to 15-hour Na24, produced
mainly by (n,0¢ ) reaction on Al-27. The long-lived activities, which become controlling
at about 1 week, are due to the Zn64(n,»~ )Zn65 reaction and fast reactions on iron and
titanium. The curve shown here is representative of most aluminum alloys considered,
except 7075 and 7079 which are about an order of magnitude higher at long decay times
due to their higher zinc contents. The activity of the titanium alloy A110AT is relatively
low at short decay times, but is much higher than the aluminum alloys at long decay
times. The activity at short decay times is due to the A127(n,& )Na24 reaction and (n, p)
reactions on Ti46, Ti47 and Ti48. The activity at leng decay times is due entirely to
the same (n,p) reactions. :
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The AZ31B magnesium decay over the first week is due to 15-hour Na24, formed by
Na23(n, ) )Na24 and Mg24(n, p)Na24 reactions,

The Inconel-X activity is about the same as the Mg and Al activities at short decay times,
and initially decays with the 2.6 hr, half life of Mn56, formed by the Mn55(n,2- )Mn56
reactions. The 71-day half life activity from the Ni58(n, p)Co58 reaction becomes
controlling at about 20 hours, and continues to goven the decay out to 10, 000 hours.

STAGE ACTIVATION CHARACTERISTICS

Figure 3 shows typical results of the calculation of dose rates from the stage as a
function of decay time following a 1300 second test at 1120 MW. The vehicle was divided
into 1050 modules for this calculation. The point for which these dose rates are given is
indicated on the figure. This point is considered to be representative of the points to
which workers would need access in the stage disassembly and rework process after the
hot engine has been removed. These dose rates show a rapid decay in the first week
after a test, where longer-lived activities become controlling. Dose rates at this point
are below 2.5 mr/hr at about 75 hours after a test.

The major contributor to the dose rates at short times is the propellant tank bottom
which is composed of about 3000 pounds of 5456 Al. At long decay times the controlling
activity is that from the two attitude control rocket packages, each of which is composed

of 25 pounds of tantalum-tungsten, 55 pounds of stainless steel and 70 pounds of
aluminum.

Figure 4 shows the buildup in the dose rate at one week after shutdown from the stage-
less engine as a function of the number of tests. Two curves are shown - one for one
month test spacing and one for two month spacing. For the one-month spacing the
buildup approaches a maximum of a factor of about 2, and for the two month spacing a
factor of about 1.5.

NERVA ENGINE ACTIVATION

For calculations of the dose rates from the NERVA engine, the engine was divided into
184 modules. Figure 5 shows gamma dose rates at the midplane of the NERVA engine

at a distance of 2 feet from the pressure vessel for a 1300 second test at 1120 MW. The
upper curve shows the dose rates from core fission products. This curve was calculated
with the GE 04-4 shielding program and the Lockheed Perkins-King fission product
program. Dose rates from the activation of the NERVA engine-less the core are shown
in the lower curve. The decay is rapid in the first 100 hours where long half-lived
activities become controlling. The activation dose rates at this point do not drop below
laboratory tolerance, even out to 10,000 hours.

Comparison of the two curves shows that the activation dose rates are negligible as long
as the core is still in the engine.

STATIC TEST STAND

Close attention must be given to activation in the design of the static test stand. Many
tests must be performed on each stand and access is required to the test stand area
shortly after removal of a tested stage in order to prepare for the next test. Therefore,
the test stand must be designed to minimize activation dose rates shortly after a test and
also to minimize the buildup in activity due to repeated tests.

We have analyzed several test stand concepts, one of which is shown in Figure 6. The
essential features of this concept are:
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+ the stage is permanently attached to a dolly throughout its whole test
lifetime

+ the dolly with stage is transported to the test area on a trackway

- a split shield of water-filled stainless steel tanks is placed around the
engine at the stage diameter in order to attenuate the leakage flux and
thus minimize activation of the dolly and the surround test stand
structure

+ at the completion of a test, the split shield halves, which are the
greatest source of activation, are moved away from the test stand
area

Figure 7 shows the activation dose rates after a 1300 second test at a point on the concrete
pad. The controlling activity is that from the split shield halves assumed to be moved
back 200 feet. These dose rates do not include any contribution from fission products
deposited in the exhaust duct. While a shield can be placed over the exhaust duct inlet
before personnel enter the area, there still might be an appreciable dose rate contribu-
tion through this shield at points near the exhaust duct.

Figure 8 shows the buildup in the dose rate at one week after a test as a function of the
number of tests. For a 1 month test spacing, the buildup approaches a maximum of a
factor of about 4, and the 2 month spacing a factor of 2.

It was assumed for the purpose of computing the activation, that the split shield reduced
both the thermal and fast fluxes by a factor of 105, The dose rates from the dolly at
points under and around the dolly range from 103 to 10° less than those from the stage
alone,

FUTURE PLANS

All calculations to date have been for a completely transparent system, i.e., no
self-shielding of the activation gamma radiation by large components has been accounted
for. The resulting dose rates, therefore, are upper limits for the assumed fluxes. The
departure of the dose rates from the stage-less engine from this upper limit should not

be too great because of the thin skin structure of most of the vehicle and its components.
However, the dose rates from the engine will depart considerably from these upper limits.
We are currently preparing to use the activation program in conjunction with the GE14-1
shielding program to account for self-shielding.

Another area we are now studying is the effect on the dose rates of the difference
between the NERVA neutron spectrum and the model used in these calculations.
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NUCLEAR HEATING OF TORY II-C HAFNIUM CONTROL RODS

S. Kellman and A. Lorenz ~

Lawrence Radiation Laboratory, University of California U
Livermore, California

A. Introduction

A nuclear heating analysis of the control rod assembly within the TORY
II-C core was made to determine its power density at full power conditions.
The use of hafnium as control poison and the selection of an asterisk rod geom-
etry made a detailed study of the (n,y) heating necessary. Because of the com-
plexity of the heating process, a gamma-ray Monte Carlo code was developed
for use in this analysis.

B. Analeis ~

A drawing of the control rod assembly, in Figure 1.a, shows the hafnium
rod surrounded by a Ren&-41 control tie-rod that is separated from the fuel by
one layer of unfueled BeO tubes. Gamma-ray interactions are the major
sources of nuclear heating in unfueled regions of reactors. The gammas arise
from three principal processes: prompt fission, fission product decay and
radiative neutron capture. In the present analysis of control rod heating,
three '"sources' have been considered: gammas from prompt fission, fission
product decay and radiative capture originating in the core medium; radiative
capture gamma rays originating in the hafnium rod; and radiative capture
gamma rays in the René-41] control tie rod. These sources are referred to
below as "'external’, "internal' and 'tie-rod" respectively. The spectral
distribution of each source was constructed from the latest experimental data
available and expressed in terms of 30 energy groups, ranging from 0.01 to
10.0 Mev.

The gamma energy distribution in the control rod assembly was deter-
mined by means of a Monte Carlo code developed specifically for this analysis.
The YOGI-R gamma-ray Monte Carlo code, written in FORTRAN for the
IBM 7090, computes the fraction of gamma source energy deposited in the
components of a system described by a cell; the sides of the cell are parallel
to the three coordinate axes of a Cartesian coordinate system. A system of
infinite extent in the Z direction is considered; in the X and Y directions, the
cell is bounded by planes at which reflection is required. YOGI-R is equipped
to handle a system of 50 zones, composed of 10 different materials. Absorp-
tion is tallied by zone and by energy group in which it occurs. An average
incident energy 'flux' is obtained by dividing the energy absorbed in a given
group in a given zone by the appropriate macroscopic absorption cross section.

A series of problems were run for each of the three source zones con-
sidered. In order to determine the effect that each of the components sur-
rounding the control rod has on the heating value, problems were run in which
each component was added successively to the cell. In the more exact models,
it was necessary to describe the rod by a cruciform because of the limitation
on the number of zones handled by the YOGI code (see Figs. 1-b and 1-c¢).
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Within the statistical aCcdracy of the Monte Carlo results, which ranged
between 5% and 10%, the following properties were found to have little or no
effect offthe energy distribution analysis: ’

1) presence of the air gap between rod and fueled moderator regions,

2) presence of the unfueled BeO region surrounding the control tie-rod,

3} variations of the uranium loading in the fueled moderator,

4) presence of tie-rods in the vicinity of the considered assembly.

It should be noted that both the asterisk and cruciform descriptions of the con-
trol rod were found to absorb comparable energy fractions. The control tie-
rod had an approximate 10% shielding effect on the external heating of the con-
trol rod.

The final results of this study, incorporating all corrections outlined
above, are:

Fraction of Source Energy Deposited in

Area in Unfueled Hastelloy
Source Cell (in2) Rod BeO Tie Rod
External 7.29 0.089 0.061 0.019
Internal 0.0586 0.257 0.075 0.034
Tie Rod 0.0296 0.154 0.089 0.057

In this model the rod was represented by a cruciform having 1/8" x 1/2"

blades; the BeO:U235 atom ratio in the moderator region was assumed to be
423:1.

C. Results

The average heating density of a component in Mw/ft3 per Mw/ft3 of
local power density in the moderator region was obtained by multiplying the
fraction of source energy; deposited in the component by the factor,
(EY/AC)/(Em/Am); E, is the source energy available per fission in the source
region considered, E,, the total energy produced per fission in the moderator
(i.e. 191.5 Mev), A the area of the heated component in the cell, and A,, the
area of the source region in the cell. Final heating power density values are
given in Mw/ft3 in solid, hot component material normalized to Mw/ft3 of
average core power density. Normalization is based on the active hot core
volume of 53.42 ft3. The anticipated power of the TORY II-C reactor is
510 Mw; the corresponding average core power density will be 9.55 Mw/ft3.

The contributions from the three sources to the total heating density of
a shim rod (i. e. one at R = 8.92"), averaged over the total insertion length of
40" is:

" (Mw/ft3 per Mw/ft3)

External gamma source 0.93
Internal (n,y) source 1.16
External (n,y) source 0.14

(from René-41 tie rod)

Total average heating density 2.23

The compound error in the nuclear heating calculations is approximately
£20%. The statistical uncertainty of the Monte Carlo problems was less than
+ 10%; additional errors arising from the uncertainties existing in the input
quantities for both gamma and neutron heating, are approximately % 10%.

The axial distribution of the total heating density was compiled from the
individual contributions described above, each modified by its proper axial
dependence, and is given in Figure 2.

Independent heat transfer calculations showed that for the conditions
treated, the hafnium control rod attains peak temperatures of approximately
1600°F.
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The foregoing analysis treated fully inserted rods (i. e. 40" into
reactor). However, the expected mode of high power operation is one in
which the shim rods will project approximately fifteen inches into the reactor.
This corresponds to Ak, qs = -0.03. Therefore the peak power density will,
in normal TORY II-C operation, exist at the rod tips and should be approxi-
mately 2.2 (Mw/ft3 of solid hafnium)/(Mw/ft3 of average core power density).
The comprehensive treatment reviewed above allows one to estimate the
hazardous condition which might arise if a single shim rod were fully inserted
at high power levels.
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NEUTRON AND GAMMA ANGULAR LEAKAGE CALCULATIOQ
OF A KIWI-B REACTOR U]

By Arthur D, Prescott

Research Projects Division
George C. Marshall Space Flight Center

The reactor gamma number flux density and the reactor neutron
(prompt neutron) number flux density are machine calculated for a full power
operation of a 1000 MW KIWI-B1 reactor as a function of angular position
around the unshielded reactor at 1.5 meters and 4.5 meters from the fission
center of the core, using moments method differential energy spectra data.
The reactor core is divided into 216 volume elements; and the neutron num-
ber flux density, gamma number flux density, neutron dose rate, and gamma
dose rate are calculated using a Convair-Ft. Worth code known as D-53, This
code uses the infinite media neutron and gamma moments method data gen-
erated by Nuclear Development Associates [2,3] .

The calculated gamma flux densities are compared with Monte Carlo
leakage calculations of the magnitude of the gamma current densities carried
out by Dr. Glen Graves of Los Alamos Scientific Laboratory [1] . The
gamma source spectrum consists of prompt fission gammas, U22® capture
gammas, and short period delayed gammas, and is identical with the Monte
Carlo source spectrum. The gamma differential number spectra (or flux
density) agree remarkably well with the Monte Carlo histograms of the mag-
nitude of the gamma current density (Figures 2,3,4,5). By definition the
magnitude of the gamma current density is less than or equal to the gamma
flux density at a non-reflecting boundary, and agreement is even better than
indicated. The moments method calculations overestimate the low energy
portion of the leakage spectra, as is to be expected.

The D-53 calculated gamma energy leakages are within 13% of the
corresponding Monte Carlo calculations out the top and the side of the reactor
(Figures 6 and 7). Agreement is better out the top of the reactor than out
the side, or nozzle end of the reactor. Apparently there are two reasons for
this disagreement. For the detector points at 180° many of the path lengths
are oblique to the nozzle. The moments method data is more applicable when
the source-detector line is perpendicular to the surface of a medium bounded
in one dimension, i.e. the method underestimates the emerging integrated
energy flux density at oblique incidence. At 90°, this effect is counter -
balanced by the fact that the infinite media moments method data includes
back scattering beyond the detector. This contribution becomes more im-
portant at large penetration depths, especially in low Z materials; and thus,
at perpendicular incidence, the infinite media data, upon application to finite
media, overestimates the emerging integrated energy flux density. The
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average path length from the source points near the core surface through the

Be and C reflectors is greater than the average path length from the source
points near the top of the core through the aluminum support plate. The
neutron and gamma leakage curves are four leaf clover shaped, shifted in the
tank direction due to the off -center fission distribution, becoming more nearly
circular at 4.5 meters. The gamma dose rate is roughly independent of angular
position at 4.5 meters and is approximately 3 x 107 r/hr (Figures 8 and 9).

The neutron number spectra at 0° and 180° are similar in shape indi-
cating that the aluminum support plate and pressure shell do not harden the
spectrum to any extent. Comparing the neutron number spectra with Watt's
fission spectrum, very rough fast neutron shielding calculations at 0° could be
made assuming the leakage spectrum to be a fission spectrum (Figures 10,11).
The reactor leakage is highly peaked along the reactor-tank centerline due to
the absence of top or bottom reflectors., The 4.5'" of Be and 2" of carbon
wrapped around the side of the core is a much better shield than the 6" of
aluminum support plate above the core. Reactor neutron leakages of 2,5 x 103
n/cm? -sec and1.5x 10'2 n/cm? -sec were calculated out the top of the reactor
at 1.5 meters and 4.5 meters respectively (Figures 12 and 13). The corre-
sponding calculated neutron dose rates were 2 x 10° rem/hr and 1.50 x 10°
rem/hr, respectively (Figures 14 and 15). However, the neutron leakage
calculations are over-conservative probably within a factor of 2.

Changing the radial power distribution to a flat distribution reduced the
fission intensity near the surface of the core thus reducing the neutron number
leakage and gamma energy leakage by a maximum of 16%. Total 7090 machine
time for the D-53 calculations was 30 minutes compared to approximately 18
hours for the Monte Carlo gamma calculations,.
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Private communication.

2. Goldstein, H.: ""Calculations of the Penetrations of Gamma Rays," NYO-
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X66 50257

R. E. Malenfant U
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico

NOVEL RADIATION CALCULATIONS ON ROCKET REACTORS .,_-4\

Large numbers of localized and detailed calculations must be
made on a system as complex as a flying reactor. It has been
found that many of those associated with radiation can be readily
handled with a general-geometry point-kernel computer program,
QAD, even though the program was not specifically developed for
such particularized calculations. Two examples which fall into
this category are given here along with the method of approach
and results.

Possible alleviation of local energy deposition in control
materials prompted comparison of a material emitting gamma radi-
ation upon neutron absorption with one which emits particles.
Specifically, 20% (vol) Eu,0, - 80% (vol) Al was compared with
B4C - Al as the control material. It was shown that the choice
oI a material such as the latter, which deposits its capture
energy over a large volume, could result in reduction in the local
energy deposition by a factor of ~ 20.

Both calculations were performed by estimating the absorp-
tions in the control material from DSN neutron transport calcul-
ations and determining the energy deposition from the reaction
products. As indicated by the geometry of Figure 1, the Kiwi-B
control rods consist of 12 beryllium cylinders, each of which has
a 120° sector covered with a thin vane of the control material.
(A 50 mils thickness of boral is presently employed). A cross-
section of one rod and its immediate environment of the beryl-
lium reflector is depicted in Figure 2.

Determination of the energy deposition from the B10 (n,a)
reaction assumes that both reaction particles (a and Li7) deposit
all of their kinetic energy (2.3 mev) in the vane and that th;
energy deposited from the 0.5 mev decay gamma from excited Li‘ is
negligible. For 1000 Mw reactor operation, the maximum energy
deposited from reaction products occurs near the reactor midplane
and amounts to ~ 840 watts/gm of vane material while an additional
15 watts/gm arises from core gammas and neutrons for a total of
855 watts/gm.

Gamma energy deposition from Eug05 was determined by mocking
up one rod in the geometry of Figure 2 for a calculation with QAD.
Several hundred source points emitting 6 gamma groups were used
to represent the capture source in the vane. Results indicated
30 watts/gm deposited by reaction gammas and 15 watts/gm from core
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gammas and neutrons, for a total of 45 watts/gm. The calculation
was sufficiently refined to permit a very good determination of
the energy deposition contours, which are indicated on Figure 2.

The postulated total neutron absorptions and vane thicknesses
for these two representative vane-heating calculations were iden~
tical (0.23 n/fission and 50 mil thick vanes) . While neutron
absorptions would be expected to be constant for equivalent con-
trol rod worth, vane thicknesses would be expected to change upon
changing the poison material, depending on the effective absorp-
tion cross section of the material used. Because of this, these
results are reported in watts per gram in order to apply to any
reasonable thickness of europium vane which might be considered.

Another calculation was made to estimate the photoneutron
production rate in the beryllium reflector of a Kiwi reactor both
during operation and post shutdown. Results were expected to be
of importance for estimating post shutdown core heating due to
photoneutron induced fissions.

The calculations were made by representing the geometry of
Kiwi-B in a realistic manner through QAD. After determination of
specific neutron formation rates as a function of position and
energy dependent photon flux, totals were determined by integra-
ting over the volume of the beryllium reflector. Using hundreds
of source points, a 19 line gamma spe?ifum, and the energy depen-
dent v,n, cross sections of Jakobsen, it took only 10 seconds
per detector point to obtain the neTﬁron production density.
Results indicated a total of 4 x 10 n/sec - Mw during reactor
operation and values as indicated in Figure 3 after shut down.

Although scandium and some other minor contaminants of beryl-
1ium become activated during reactor operation, their decay gammas
are generally too low in energy to produce photoneutrons. As a
result, photoneutrons will not be present after separating the
reactor core and reflector, and will pose no hazards to reflector
reuse.

It has been determined from this calculation that core heat-
ing from photoneutron induced fissions should always be unimpor-
tant (¢ 1%) in comparison with concurrent core gamma heating, but
the possible influence of the photoneutron production on reactor
kinetics remains to be evaluated.

Many different calculations have been made with QAD during
its one year existence. Others not mentioned have included esti-
mates of control rod actuator heating for several actuator geome-
tries and locations, radiation around an assembled beryllium re-
flector after removal from the re%E}or, radiation heating in and
around the core, and many others. All of these calculations,
as well as those presented here, were performed readily and
accurately with what has been proven an extremely useful flexible
program.

(1) Jakobsen, Physical Review, 123: 229 (July, 1961)

(2) Cf. Paper by D. M. Peterson, '"The Leakage Radiation Field of
Kiwi Reactors", also submitted to this meeting.
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TRANSPORT CALCULATIONS OF THE
KIWI-B NEUTRON ENVIRONMENT i ‘\

D. A. McCutchan
——
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico

Several one dimensional transport theory calculations have
been made for Kiwi-B-1, using the DSN code. Some results are
given here concerning the reactor's overall neutron economy, in-
terior flux, and leakage currents.

The 24 group cross-sections published by Mills(l)are those
which have been most widely used in Kiwi calculations. These
cross section groups are particularly effective in coping with
various thermal conditions, since there are ten energy groups
below 0.4 ev and there is provision for scattering to 4 groups
above and to 5 groups below an initial energy. The set is less
refined in the high energy region, possessing only two groups
above 1.4 mev. To gain more information about the high energy
reactor spectrum, these two groups have been replaced for the
present, by five new groups developed by Gordon Hansen of LASL.
The data reported here are all based on this revised 27 group
cross-section set, though there is no intention to use it contin-
uously in future Kiwi calculations.

Neutron Balance

Table I below gives some information on the neutron balance
in a Kiwi-B-1 in a cold, dry critical condition.

Table I
Neutron Balance in Kiwi-B-1
Element Captures per fission
y235 1.406
y238 .035
o .003
Nb .083
B .225
\ Al (pressure shell) .003
Be .005
axial leakage .309
radial leakage .395
2'154

The negative absorption cross section in beryllium refers to

104



. s F

the difference between the production of neutrons by tke (n,2n)
reaction and the loss of neutrons through (n,a) and (n,v) reac-
tions. The numbers in Table I are useful oniy as a gulde: in
particular, exact values of absorptions in Nb, Al, and B may vary
from those shown. Here the control vanes were represented by an
annular sheath with a boron loading chosen to reproduce an exper-
imental fission distribution. Though this magnitude is probably
correct, the actual boron absorption varies with control drum
orientation. The foregoing calculation represented the reactor
as an infiBite cylinder in which fictitious absorbers of cross
section DB were introduced to simulate leakage in the axial
direction. While appropriate group values of the diffusion co-
efficient D were chosen for the different reactor regions, a
constant geometric buckling B“ was used, based on a 2.4 cm extra-
polation distance.

Interior Flux

The central flux in Kiwi-B-1, also obtained from the infinite
cylinder problem, appears in Table II. The absolute value of the
fission density at the core center which was used for problem
normaliza{&on is based on a power level of 1000 megawatts
(3.3 x 10*Y fissions/sec) and an experimental value of 1.6 for
the ratio of central to average power densitjes. These densities
are approximately 59 and 37 megawatts per ft“ respectively.

Table II
Central Flux in Kiwi-B-1 at 1000 Megawatt Power
Lower Flyx

Group Energy n/cm‘ -sec
1 6.0 mev 8.39 (13)
2 4.2 2.32 (14)
3 3.0 4.00 (14)
4 2.1 8.69 (14)
5 1.4 1.30 (15)
6 .9 1.49 (15)
7 .4 2.61 (15)
8 .1 3.82 (15)
9 17 kev 3.85 (15)
10 3 3.24 (15)
11 .454 3.15 (15)
12 61.4 ev 2.31 (15)
13 22.6 7.80 (14)
14 . 8.32 5.03 (14)
15 3.06 3.84 (14)
16 1.13 3.17 (14)
17 .414 3.10 (14)
18 .322 4.15 (13)
19 .251 3.02 (13)
20 . 197 2.42 (13)
21 .152 1.54 (13)
22 .092 1.94 (13)
23 .056 7.91 (12)
24 .034 2.75 (12)
25 .025 6.43 (11)
26 .021 2.33 2113
27 .013 4.24 (11
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In this table, the numbers in parentheses denote the multi-
plicative pgwer of ten. The summed internal flux is 2.58 X 10 6
neutrons/cm“-sec.

L.eakage Currents

Table III shows the total radial leakage from Kiwi-B-1 at
1000 megawatts power, as obtained from the infinite cylindggspro—
blem. A preliminary comparison between the calculated S/U
threshold detector ratio, Kiwi-B-1A measurements at the Nevada
test site shgws agreement to about 10%. In addition the activa-
tion of a S °(n,p) detector on the outer surface of the Kiwi-B-2
reflector® at mi plane was found experiggntally at Pajarito Site
to be 1.15 x 1077/fission per gram of S°“. If we divide the
calculated radial leakage of Table III by the radial surface area
of the reflector, multiply by v/gzand interpret the result as an
isotropic flux, the calculated S““(n,p) activation integral is
1.14 x 1077/fission - gm. As the experimental values at this
location vary by about five percent, this close agreement is in
part fortuitous.

The average energy of the neutrons in the radial leakage is
~ ,26 mev. The average currizt density ad;acent to the side
pressure shell is ~ 2.5 x 10 neutrons/cm“-sec.

Although axial leakage from the core may be approximated by
the product of the diffusion coefficient and a geometric buckling,
the axial core leakage spectrum given in Table II1I was obtained
explicitly from a DSN analysis of a bare slab of core compos-
ition. In that calculation, radial leakage was accounted for by
introducing a fictitious absorption defined by the ratio of
radial leakage to core flux in a cylindrical geometry problem.
(In the thermal groups the sign of the absorption was negative
because of thermalization by the reflector. Since the reflected
neutrons were introduced uniformly throughout the core by this
artifice, rather than at the periphery, the calculated thermal
leakage from the core may be too high). The core leakage shown
in Table III corresponds to the Kiwi-B-1 without end reflector
or shield. Upon dividing these values by the core end aria, one
obtains an average leakage current density of ~ 6.6 x 1014 neu-
trons/cm“~sec. This value would be most applicable near the
reactor axis. The average energy of these neutrons is ~ .73 mev.

Comparison of these axial leakage values to S32(n,p) acti-
vgﬁion experiments with Kiwi-B-2 has been made. The Salculated
S activation at thesgore end surface was 7.11 x 1077 per
fission per gram of S°“; the observed activation on centerline
was 8.4 x 10-9/fission-gm. Activation at three radial positigns
indicate an average of about 78% of this figure, or 6.6 x 1077/
fission-gm.

The axial neutron leakage spectrum from the core was also
determined experimentally using the method of proton recoils in
nuclear photographic emulsions. The system was collimated to

*
Kiwi-B-2 and Kiwi-B-1 are essentially identical neutronically,
though they differ in their mechanical details.
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Y
'confine observations to the core spectrum. Preliminary "analysis
' of about 800 tracks confirms the spectrum predicted by a slab
' DSN problem (Table III) using the 27 group cross section set.
The plate analysis is being continued to obtain better statistics
in the high energy tail of the spectrum.

Table III also indicates the summed leakage from one end
(only) of the graphite and the beryllium reflector cylinders, as
found from an infinite cylinder DSN result. These numbgrs are
the proguct of a volume integrated group flux and a DB term.

(The DBy~ term was derived from an appropriate group di%fusion
coefficient and a constant axial buckling corresponding to a 2.4
cm extrapolation distance). The average current densit¥ across
the end area of these reflector cylinders is ~ 1.7 x 10 4 neu-
trons/cmz-sec; the average neutron energy is ~ .52 mev.

When all the leakages cited are totalled, one finds that an
unshielded reactor leaks ~ .7 neutron per fission; the average
energy of all the leakage neutrons is ~ .44 mev; and the total

power carried from a 1000 MW-reactor by neutrons is ~ 1.6 mega-
watts.

While propulsion reactors of this specifii6power offer 5
new magnitude of internal flux (e.g., 2.6 x 10 neutrons/cm“-
sec), it is interesting to note that the rather high current den-
sities at the pressure shell do not really pose external radia-
tion problems of an unknown order, since more difficult radiation
environments may be found inside various existing test reactors.
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Table III

Neutron Leakage from Kiwi-B-1 at 1000 MW.

Leakage from One End

E n/sec Radial Leakage
Group lower Core Reflector n/sec

1 6.0 mev 3.28 (16) 1.03 (16) 4.25 (16)
2 4.2 7.41 (16) 1.76 (16) 6.87 (16)
3 3.0 1.00 (17) 1.75 (16) 5.11 (16)
4 2.1 2.26 (17 4.88 (16) 2.48 (17)
5 1.4 3.03 (17) 6.99 (16) 5.23 (17)
6 .9 3.04 (17) 5.93 (16) 4.08 (17)
7 .4 4.46 (17) 8.35 (16) 5.93 (17)
8 .1 5.51 (17) 1.09 (17) 9.16 (17)
9 17.0 kev 4.78 (17) 1.02 (17) 8.87 (17)
10 3.0 3.79 (17 9.25 (16) 9.76 (17)
11 .454 3.68 (17) 9.42 (16) 8.52 (17)
12 61.44 ev 2.70 (17) 8.66 (16) 9.10 (17)
13 22 .60 8.95 (16) 4.55 (16) 6.36 (17)
14 8.315 5.90 (16) 4.17 (16) 6.49 (17)
15 3.059 4.81 (16) 3.81 (16) 6.46 (17)
16 1.1256 4,20 (16